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SECTION  I 


INTRODUCTION 


The  Model  D/W  1240  Digital  Video  Processor  System  has  been 
designed  to  permit  the  realistic  simulation  of  remote  capture 
of  TV  pictures,  their  digitizing,  compression,  transmission 
to  a remote  site,  their  processing,  conversion  back  to  analog 
form,  and  display  on  a monitor.  One  immediate  application  is 
in  Remotely  Piloted  Vehicles,  which  are  unmanned  and  carry  a 
small  TV  camera  plus  communications  equipment  for  transmission 
to  a ground  station.  See  Fig.  1 which  depicts  the  equipment 
carried  in  the  RPV  and  that  required  at  the  Receiving  Site. 

An  important  requirement  is  for  data  compression.  The  technique 
which  many  investigators  consider  optimum  in  this  application  is 
the  use  of  the  Discrete  Cosine  Transform  in  the  horizontal  dir- 
ection together  with  Differential  Pulse  Code  Modulation  line  to 
line.  Greatly  reduced  data  rates  can  be  achieved  which  permit 
satisfactory  reconstructed  images  on  the  ground  when  the  inverse 
transformation  is  carried  out. 

TV  images  are  treated  as  256  lines  of  256  pixels  (picture  ele- 
ments) , the  TV  camera  video  being  converted  to  6 bits  of  accur- 
acy. Frame  slow  down  by  a factor  of  8 combined  with  the  Discrete 
Cosine  Transform  ( DCT ) along  a TV  line  and  Differential  Pulse 
Code  Modulation  (DPCM)  line  to  line  can  reduce  the  data  rate  to 
as  low  as  200  kbps.  At  the  receiving  site  the  inverse  transfor- 
mations are  performed  to  recover  the  im  age,  which  is  stabilized 
in  a digital  Frame  Store  Memory  (FSM)  during  conversion  back  to 
analog  for  display  on  the  TV  monitor. 

In  the  system  of  Fig.  2,  the  PDP-11  UNIBUS  and  not  the  modems 
depicted  in  Fig.  1 , acts  as  the  interconnecting  communications 
channel.  In  order  to  facilitate  laboratory  studies  in  which  the 
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Figure  1.  Operational  System  Block  Diagram 
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Figure  2.  Laboratory  System  Block  Diagram 
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minicomputer  is  able  to  probe  each  subsystem,  the  following  units 
are  accessible  via  the  UNIBUS:  (l)  the  TV  camera  and  A/D  converter 
combination,  (2)  the  microprocessor  at  the  transmitting  site, 

(3)  the  microprocessor  at  the  receiving  site,  and  (4)  the  Frame 
Store  Memory.  Tn  addition,  the  65.000  8-bit  bytes  of  the  FSM, 
organized  as  32,000  l6-bit  words,  have  been  memory  mapped  so 
that  they  appear  to  the  PDP-11  as  4096  word  pages  of  its  own 
memory.  Thus  it  is  very  easy  for  the  computer  to  investigate 
the  effects  of  various  algorithms  upon  the  quality  of  the  image. 
Note  that  the  page  size  corresponds  to  the  stripe  dimensions  of 
32  pixels  in  width  and  256  lines.  Just  as  the  minicomputer  has 
access  to  the  FSM,  so  the  microprocessors  can  read  and  write  the 
core  memory  of  the  PDP-11.  As  set  up  under  software  control, 
each  microprocessor  can  fetch  pixels  (two  to  a word)  from  either 
the  TV  camera  or  the  FSM  or  it  can  fetch  transform  coefficients 
from  core  memory.  Also,  the  microprocessor  can  store  16  pixel 
pairs  in  FSM  or  send  32  12- bit  coefficients  (transform  results) 
to  the  other  microprocessor  or  to  core  memory.  Core  memory  thus 
is  available  to  the  microprocessors  for  storing  a stripe's  worth 
of  coefficients.  By  means  of  a special  addressing  feature,  the 
microprocessor  can  address  these  coefficients  in  a "corner  turned" 
manner  to  permit  2-dimensional  transforms  (e.g.  DCT/DCT , Fourier/ 
Fourier,  etc.).  Because  the  coefficients  are  available  in  core 
memory,  the  PDP-11  is  also  able  to  examine  or  to  manipulate  them. 

Activity  along  the  UNIBUS  is  controlled  by  set-up  operations  of 
the  PDP-11.  In  one  mode,  for  example,  the  TV  camera  is  commanded 
to  send  a stripe  32  pixels  wide  — the  stripe  being  selectable  -- 
from  each  field  to  the  first  microprocessor.  The  latter  will 
carry  out  the  forward  transforms  on  each  line  and  transfer  the 
"coefficients"  which  result  from  the  DCT/DPCM  operation  to  the 
second  microprocessor  which  performs  the  inverse  processing. 

The  recovered  pixels  are  next  passed  to  the  FSM  to  update  the  TV 
display.  This  system  runs  real  time  within  the  limitation  of 
processing  only  one  stripe  per  field  time. 


1.1  System  Description 

Rather  than  assembling  the  rather  limited  configuration  of 
Figure  1,  a much  more  powerful,  general-purpose  system  was 
placed  in  operation.  As  shown  in  Figure  2,  it  replaces  the 
modems  with  the  UNIBUS  of  the  PDP-11  minicomputer  --  at  the 
same  time  permitting  the  minicomputer  to  have  control  over  all 
the  subsystems  and  the  mode  of  operation. 

The  two  key  elements  are  the  microprocessors  which  are  12-bit 
units  assembled  from  the  Schottky  TTL  Am  2901  4-bit-slice 
microprocessor  chips.  Capable  of  performing  any  arithmetic  or 
logical  operation  (including  multiply)  in  150  ns,  each  Model 
1240  microprocessor  runs  under  microprogram  control  from  a 
48-bit  wide  RAM  microstore  to  which  the  PDP-11  has  direct  access. 

Because  the  system  is  entirely  microcoded,  it  can  serve  to 
study  any  of  a wide  variety  of  compression  algorithms.  The 
initial  one  demonstrated  is  that  due  to  Habibi , sometimes  called 
a hybrid  technique  because  it  is  a combination  DCT/DPCM.  It 
has  been  shown  by  simulation  to  give  performance  close  to  the 
optimum  of  the  Karhunen-Loeve  transform. 

It  was  convenient  to  place  all  the  system  elements  on  the  UNIBUS 
to  permit  flexibility  of  operation.  In  the  PDP-11  any  two 
devices  attached  to  the  UNIBUS  (including  the  CPU  and  high- 
speed memory)  can  communicate,  provided  that  one  acts  as  Bus 
Master  and  the  other  as  Bus  Slave.  The  CPU  is  always  a Master 
and  memory  a Slave.  The  Model  1240  system  makes  the  TV  camera 
a Slave,  but  the  Frame  Store  Memory  and  the  microprocessors 
can  be  either  Masters  or  Slaves. 

The  UNIBUS  permits  a maximum  rate  of  transfer  of  2.5  megawords 
(5.0  megabytes)  per  sec.  This  is  sufficient  to  allow  sending 
the  256  pixels  of  a TV  line  from  the  camera  to  any  destination 
in  the  available  63-5  microseconds.  In  particular,  an  entire 
field  of  256x256  pixels  can  be  transferred  to  the  65,536  byte  FSM. 
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The  mode  which  is  most  important  is  that  in  which  a "stripe” 

32  pixels  wide  and  256  lines  deep  is  transmitted  during  a field 
time.  This  is  an  8 to  1 field  slow  down  which  gives  acceptable 
results  at  the  ground  station  in  typical  airborne  applications. 
The  stripes  are  processed  from  left  to  right,  each  stripe  being 
updated  at  a 7-5  times  a second  rate. 


When  the  system  is  in  the  stripe  mode,  32  pixels  from  each  line 
are  sent  to  the  first  microprocessor  which  performs  the  DCT/DPCM 
computation  on  the  entire  stripe.  Note  that  a 32-point  DCT 
computation,  followed  by  the  DPCM,  must  be  executed  by  the  micro- 
processor in  63-5  microseconds  or  less.  Employing  an  algorithm 
for  the  DCT  superior  to  any  published  which  is  due  Data/Ware, 
the  DCT  can  be  computed  with  194  additions  and  115  multiplica- 
tions. With  its  pipelined  architecture  and  fast  150  ns  micro- 
instruction time,  the  Model  1240  microprocessor  is  able  to 
perform  these  computations  in  the  allocated  time. 


1.2  DCT/DPCM  Computations 

A new  very  efficient  formulation  of  the  DCT  algorithm  is  employed 
in  the  system.  If  gg,  g^,  ...,  g^  are  the  numbers  representing 
the  pixel  values  in  one  "stripe"  of  a TV  line,  the  Discrete 
Cosine  Transform  (DCT)  is  given  by 


Gk  = = 0 gj  cos[(j+i)ke]  (1) 

k=0,  1 31 

where  © = 21t/6k.  By  combining  complex  conjugate  terms, 


G = w-£kr-6 3 
uk  w 2_i  = o 


a.  w 


■jk 


i© 


where  w = e , i is  the  square  root  of  -1,  and 


a.  =fgj  if  3S31 

^ lg63-j  lf 


(2) 
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This  formulation  can  be  slightly  restated: 

Define 

.-1*  (3) 

Then 

Gk  = w~*k  Ak  (4) 

where  this  last  step  is  referred  to  as  a rotation.  As  a result 
of  an  algorithm  due  to  Data/Ware  Development,  the  above  proce- 
dure can  be  simplified  to  the  computation  of  complex  quantities, 
Bk , which  must  be  somewhat  similarly  rotated  in  order  to  yield 
the  desired  Gk< 

The  main  computation  to  be  performed  is  that  of  the  Bk , the 
flow  chart  for  which  is  shown  in  Figure  3>  Four  types  of 
butterflies  or  semi-butterflies  can  be  distinguished,  as  indi- 
cated in  Table  1.  Of  interest  is  the  total  number  of  additions 
and  multiplications  required  to  compute  the  Bk  quantities  -- 
164  and  54,  respectively. 

and  forming  the  Gk , the 
DCT  computation  is  complete.  Next  the  DPCM  is  performed  in  the 
microprocessor  upon  the  coefficients  of  each  line  segment.  The 
quantization  of  the  differences  between  a coefficient  and  its 
predicted  value  will  depend  upon  the  particular  coefficient 
because  higher  frequency  coefficients  have  smaller  variances. 

The  usual  criterion  for  establishing  quantization  levels  is  to 
make  all  quantization  levels  equally  likely.  This  can  be  done 
under  the  assumption  that  the  amplitudes  of  the  coefficient 
differences  are  exponentially  distributed. 

Figure  4 is  a schematic  representation  of  the  DPCM  computation. 

/ ~ \ 

Gk  ' is  the  kth  coefficient "for  the  nth  line  as  it  is  received 
from  the  DCT  algorithm.  The  corresponding  coefficient  from  the 
preceding  line  is  attenuated  by  the  quantity <*,  which  lies 
between  0 and  1,  and  subtracted  from  the  new  coefficient.  The 


After  the  final  step  of  rotating  the  Bj^ 


6 


.figure  3.  New  DCT  Algor ithm 


TABLE  1 


I 

1 


OPERATION  COUNTS 


Butterfly 

Type 

Number  of 
Occurrences 

Operations 

Per  Occurrence 

Total  Number 
of  Operations 

add 

multiply 

add 

multiply 

1 

31 

2 

0 

62 

0 

2 

15 

0 

0 

0 

0 

3 

7 

6 

2 

42 

14 

4 

10 

6 

4 

60 

40 

Totals 

164 

54 

TABLE  2 

TOTAL  OPERATIONS 


difference,  x,  is  the  input  to  the  quantizer,  whose  output 
depends  upon  x and  upon  k (the  frequency  of  the  coefficient). 
0(x)  is  the  code  word  sent  to  the  receiving  site,  and  R(x)  is 
the  rounded  value  of  the  difference.  The  smoothed  estimate  of 
the  kth  coefficient  is  given  by 


S<n>  = R(x)  +-G^"-1) 

(5) 

where 

X = o£n>  -~5<n-1> 

(6) 

The  starting  value  of  is  not  important  because  ocis  less 

than  1 and  the  initial  value  is  attenuated  to  zero. 

1.3  System  Implementation 

Each  major  subsystem  of  Figure  1-2  is  interfaced  to  the  UNIBUS 
via  a plug-in  card  so  that  the  various  key  registers  of  the 
subsystem  appear  as  high-speed  (core)  memory  locations  to  the 
PDP-11  CPU.  This  means  that  the  PDP-11  can  directly  modify 
the  control  store  contents  within  each  microprocessor  and 
interrogate  or  modify  various  registers.  Thus  the  microprocessor 
is  controlled  not  by  a front  panel  but  rather  by  an  operating 
system  within  the  PDP-11  computer.  Additional  registers  within 
the  interface  card  itself  establish  the  overall  mode  of  opera- 
tion. Each  microprocessor  can  be  set  up  to  act  as  Bus  Master 
or  Bus  Slave.  Typically  the  first  microprocessor  will  act  as 
Master  in  fetching  pixels  from  the  TV  camera  and  in  sending 
DCT/DPCM  "coefficients"  to  the  second  microprocessor. 

This  requires  the  second  microprocessor  to  be  commanded  to  accept 
coefficients  as  a Slave  but  to  send  the  recovered  pixels  to  the 
FSM  as  a Master. 

Another  possibility  is  for  the  first  microprocessor  to  send  the 
coefficients  to  the  core  memory  of  the  PDP-11,  from  which  the 
second  microprocessor  can  fetch  them.  This  is  convenient  for 
2-D  work  in  which  the  first  microprocessor  performs  the  hori- 
zontal DCT,  Fourier,  Hadamard,  or  Haar  transform,  and  the  second 
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microprocessor  performs  the  vertical  transform.  The  coefficients 
can  now  be  manipulated  by  the  PDP-11  either  for  enhancement  or 
for  redundancy  reduction.  This  would  be  followed  by  the  inverse 
transforms.  Implied  in  the  above  is  the  ability  of  the  micro- 
processor interface  card  to  carry  out  "corner-turned"  addressing 
of  core  memory  when  required  for  2-D  work. 

Because  the  PDP-11  has  access  to  the  interface  cards,  it  controls 
completely  the  mode  of  operation.  The  end  of  each  field  time 
is  signalled  to  the  PDP-11  as  an  interrupt.  During  vertical 
retrace  time  the  CPU  can  set  up  the  desired  processing  for  the 
next  field.  For  example,  the  CPU  must  change  the  stripe  by 
incrementing  various  registers  in  the  interface  cards. 

The  FSM  is  regarded  by  the  PDP-11  as  a 32,768  word  memory  to 
which  it  has  access  as  8 pages,  each  of  4,096  words.  This 
makes  it  quite  convenient  for  the  CPU  to  interrogate  and  mani- 
pulate pixels  within  the  FSM.  Conversely,  it  was  mentioned 
above  that  the  microprocessors  can  access  the  PDP-11  core  memory, 
which  greatly  reduces  the  need  for  transferring  blocks  of  data 
within  the  system. 

The  system  can  capture  an  entire  TV  field  rather  than  operating 
in  the  stripe  mode.  This  would  avoid  the  problem  of  edge  effects 
from  assembling  8 stripes  into  a single  picture.  Also,  provision 
has  been  made  for  adding  a second  FSM.  This  would  simulate  a 
mode  of  operation  in  which  the  transmitting  site  seizes  a field 
before  compressing  it. 

In  an  actual  application,  the  transmitting  site  would  have  to 
send  a synchronizing  signal.  For  laboratory  work  the  synchroni- 
zation is  provided  by  a Fairchild  3262A  sync  generator  chip 
whose  outputs  are  fed  to  the  camera  and  monitor.  Through  the 
use  of  FIFO  memories  for  both  input  and  output,  the  micropro- 
cessors can  run  independently  from  the  synchronizing  signals. 

When  the  input  FIFO  is  empty  or  the  output  FIFO  full,  the  micro- 
processor suspends  operation. 
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Although  it  clearly  results  in  a processing  slow-down,  it  is 
possible  to  operate  the  system  with  a single  microprocessor 
which  will  both  compress  the  data  and  expand  it.  It  is  necessary 
to  bring  the  field  directly  from  the  camera  to  the  FSM.  This 
data  is  then  read  out  to  the  microprocessor  for  compression, 
followed  by  expansion.  The  processed  pixels  are  then  stored 
back  in  the  FSM  for  viewing.  When  done  dynamically  with  a 
single  FSM,  the  TV  monitor  alternately  shows  the  original  pixels 
and  the  processed  pixels  unless  the  system  has  two  FSM's. 

1.4  Model  1240  Microprocessor 

Assembled  from  three  Am  2901  4-bit  slice  Schottky  TTL  micropro- 
cessor chips,  tr,e  Model  1240  is  a very  high-performance  processor 
ideally  suited  for  signal  processing  applications.  The  Am  2901 
ALU  accepts  two  inputs,  which  typically  come  from  the  16  general 
registers  or  an  internal  dual-port  RAM.  Each  microinstruction 
combines  arithmetically  or  logically  two  operands  and  places 
the  result,  unshifted  or  shifted  right  or  left,  back  in  the 
second  general  register.  This  result  can  also  be  put  on  the 
data  output  bus.  Instead  of  taking  both  operands  from  general 
registers,  the  Am  2901  can  alternatively  accept  one  input  from 
the  Direct  Data  bus.  System  cycle  times  as  short  as  150  ns 
have  been  demonstrated. 

In  the  Model  1240,  pipeline  architecture  implemented  with 
Schottky  TTL  circuit  provides  very  fast  processing.  The  Am2901 
elements  and  other  essential  subsystems,  including  scratch  pad 
memory  and  asynchronous  multiplier,  have  been  carefully 
organized  to  produce  a system  structure  that  can  be  programmed 
using  a high  degree  of  pipelining.  Propagation  delays  through 
the  various  system  elements  are  matched  using  data  latches 
where  necessary  and  numerous  data  paths  are  available  so  that 
parallel  transfers  are  possible. 

To  realize  the  full  potential  of  this  pipeling  architecture 
programs  are  typically  coded  entirely  in  microcode  using  straight 


11 


line  programming.  Using  this  method  a maximum  number  of  parallel 
operations  can  occur  and  the  ineff iciencies  attributable  to  a 
hierarchy  of  code,  and  resultant  program  branches,  are  eliminated. 

The  Am  2901  combined  with  a ROM  microcontrol  unit  provides  a 
flexible  system  whose  performance  cannot  be  matched  by  an  MSI 
implementation.  The  MSI  equivalent  of  the  Am  2901  chip  alone 
would  require  15-20  l6-pin  devices  at  a typical  operating  power 
of  3.6  watts.  The  Am  2901  40-pin  device  has  a typical  power 
dissipation  of  only  O.97  watts. 

The  basic  elements  comprising  the  microprocessor  are  depicted 
in  Figure  5«  At  the  heart  of  the  system  is  the  microprocessor 
that  performs  the  sum  and  difference  calculations  of  the  DCT 
and  the  DPCM  algorithms,  stores  temporary  results  in  a 16  word 
dual  port  memory,  and  transfers  data  to  different  elements  of 
the  system.  An  additional  64  words  of  memory  are  provided  by 
64x9  RAMs  to  allow  adequate  storage  of  certain  DCT  coefficients 
and  32  DPCM  previous  values.  A 12x12  multiplier  supplies  the 
high  speed  multiply  capability  that  is  imposed  by  real  time 
processing  and  a quant izer/dequantizer  processes  rounded  values 
for  the  DPCM  algorithm.  System  I/O  is  accomplished  through  an 
input  interface  and  an  output  interface  that  buffer  data  and 
provide  synchronization  and  control.  All  algorithms  reside  in 
the  memory  of  the  ROM-based  control  unit  that  manages  the 
operation  of  each  system  element. 

The  Am  2901’ s operate  in  parallel  to  give  a 12-bit  word  length. 

A "look  ahead  carry"  generator  is  included  to  speed  up  arith- 
metic operations.  Additional  data  storage  is  provided  by  the 
RAM  memory.  Direct  input  data  to  the  Am  2901’ s is  routed  via 
an  8 to  1 multiplexer  to  a 12-bit  input  register.  The  input 
register  is  located  at  the  direct  data  inputs  to  assure  that 
processing  through  the  longest  path  (the  Am  2901)  can  be  com- 
pleted within  a cycle  time.  The  typical  cycle  time  for  this 
path  is  approximately  120  ns.  Output  data  from  the  Am  2901 
goes  directly  to  the  other  systems  elements. 
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Figure  5*  Model  12^0  Microprocessor 
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Figure  6.  Microinstruction  Format 
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1. 5 Microinstruction  Tormat 

The  microinstruction,  shown  in  Figure  6,  is  48  bits  in  length 
and  consists  of  14  fields.  The  more  important  of  these  control 
the  A and  B general  register  addresses  of  the  Am  2901  (4  bits 
each),  the  source  and  destination  control,  and  the  function. 
Certain  fields  govern  the  scratch  memory  (RAM)  address,  the 
loading  into  the  D input  register,  and  the  outputting  from  the 
Am  2901.  Other  fields  control  writing  to  the  RAM,  the  selection 
of  various  quantization  tables,  and  carry- in  selection.  A 
12-bit  field  is  provided  to  make  available  certain  operands, 
such  as  sine  and  cosine  values,  directly  to  either  the  D regis- 
ter or  to  the  multiplier.  Thus  it  can  be  seen  that  many  opera- 
tions can  be  carried  out  in  parallel  by  means  of  a single 
microinstruction.  In  particular,  addition  and  multiplication 
can  take  place  simultaneously. 

Note  that  fields  are  identified  by  octal  numbers.  Fields  04, 

05,  06,  07,  11,  12,  and  13  control  the  Am  2901  microprocessor 
system.  Field  02  (bits  46  - 4l)  provides  the  Scratch  Memory 
(RAM)  address.  Bit  4?  is  1 whenever  the  Scratch  Memory  is  being 
written.  If  bit  15  is  1,  the  Scratch  Memory  output  is  loaded 
into  the  M Register  in  preparation  for  a multiplication. 

Bits  0-11  are  usually  a 12-bit  twos  complement  number  by 
which  the  contents  of  the  M Register  are  multiplied.  The  multi- 
plication is  performed  in  two  stages.  First  two  partial  products 
are  formed  and  held  in  the  MI  Register.  Then  on  the  next  cycle, 
the  partial  products  are  added  and  their  sum  can  be  loaded  into 
the  D Register  in  preparation  for  entry  into  the  microprocessor. 
The  microinstruction  operand  (bits  11-0)  can  also  be  loaded 
into  the  D Register  although  its  primary  function  is  to  provide 
sine  and  cosine  values  to  the  multiplier. 

Bits  14  - 12  are  used  to  form  part  of  the  Quantizer  Table 
address  in  the  DPCM  process.  The  contents  of  the  T Register 
supply  the  main  portion  of  the  Quantizer  address,  T being 
loaded  from  the  microprocessor  with  the  difference  quantity, 
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x,  of  Figure  4.  In  a sense  bits  l4  - 12  select  a particular 
table,  as  dictated  by  the  order  of  the  coefficient  being  cur- 
rently processed.  Register  D can  be  loaded  from  any  of  seven 
sources,  as  controlled  by  bits  27  - 15. 

The  Am  2901  microprocessor  output  can  be  directed  to  any  of  five 
destinations  under  the  control  of  bits  18  - 16.  There  are, 
however,  two  bit  patterns  which  are  also  used  for  other  purposes. 
One  causes  the  contents  of  the  D Register  to  be  written  into 
the  Quantizer  Table  for  initial  loading  in  a laboratory  environ- 
ment (where  this  table  is  stored  in  a RAM) . The  other  causes 
transfer  of  microcontrol.  Unless  this  latter  bit  pattern  is 
present,  microcontrol  passes  to  the  next  microinstruction. 

1.6  Microcoding  the  DCT/PPCM 

It  is  now  possible  to  define  the  microprogramming  task  for  the 
Model  1240  in  its  entirety.  Table  2 summarizes  the  additions 
and  multiplications  required  to  carry  out  the  calculation, 
the  rotations,  and  the  DPCM.  The  grand  total  is  405  arithmetic 
operations,  of  which  147  are  multiplications.  However,  the 
distinction  between  addition  and  multiplication  is  not  so 
important  because  the  Model  1240  is  able  to  accomplish  either 
in  150  nsec.  In  order  to  carry  out  405  microinstructions  in  the 
alloted  line  time  of  63-5  usee,  the  Model  1240  must  be  able  to 
execute  an  operation  in  157  nsec.  Furthermore,  the  coding 
must  be  extremely  efficient.  The  latter  is  in  fact  true  because 
the  microinstructions  control  many  paths  at  once. 

In  the  design  of  the  1240  the  most  important  consideration  was 
this  ability  to  overlap  operations  while  at  the  same  time  not 
requiring  an  excessive  number  of  components.  The  final  arrange- 
ment of  the  microporgram  is  one  in  which  the  real  parts  of  the 
computation  are  stored  in  the  general  registers  and  the  imagi- 
nary parts,  in  an  external  RAM.  All  of  the  sixteen  Am  2901 
general  registers  are  needed  in  the  computation,  and  the  avail- 
ability of  the  Q Register  is  a definite  asset. 


The  entire  code  to  carry  out  the  405  arithmetic  operations  is 
less  than  405  microinstructions,  which  is  an  indication  of  the 
efficiency  of  design.  The  program  is  written  entirely  in-line. 
There  are  no  tests  and  no  jump  instructions.  Input  data  is 
brought  in  via  a FIFO,  and  output  is  handled  in  the  same  manner. 
Hardware  tests  that  there  is  data  available  in  the  input  FIFO 
and  that  the  output  FIFO  is  not  full.  If  these  oonditione  are 

not  met,  the  microprocessor  will  wait,  which  is  the  basic 

method  of  synchronization. 

Special  code  is  required  for  each  of  the  butterflies  of  Table  1 . 
The  most  difficult  case  is  that  in  which  6 additions  and  4 mul- 
tiplies must  be  performed.  The  coding  for  this  will  be  presented 
in  order  to  demonstrate  the  basic  concept  of  microcoding. 

The  complex  number  (d,e)  is  to  be  rotated  through  an  angle  © and 

added  and  subtracted  with  the  complex  number  (b,c).  b and  d 
will  be  in  General  Register  (GR)  while  c and  e will  be  stored 
in  RAM.  The  computation  to  be  performed  is 

b + (dcos©  - esin©)-?  GR, 

+ c + (dsin©  + e cos©)  -*■  RAM. 

sin©  and  cos©  are  stored  directly  within  the  microinstruction 
and  are  automatically  supplied  to  the  multiplier.  The  following 
notation  (see  Figure  4)  is  used:  M is  the  input  (multiplicand) 
to  the  multiplier  and  MIR  is  the  output  register.  D is  the 
input  register  to  the  microprocessor  and  S is  the  input  register 
to  the  scratch  memory  (RAM).  The  microcode  is  as  follows: 


Microinstruction 


Interpretation 


RAM  — M 

GR  M,  M ->  MIR 
MIR  ->  D,  H-»  MIR 
D Q,  MIR  D,  M Mir 
D - Q Q , MIR  — V D 
GR  - Q ->  GR,  RAM  ->•  M 
GR  + Q ■+  GR,  M MIR 
D -*•  Q,  MIR  -4  D 
Q + D -V  Q,  RAM  -V  D 
D + Q -V  S (RAM  M) 

-D  + Q S,  S ->  RAM 
S -V  RAM  (GR  M,  M ->  MIR) 


e — > M 
d -V  M 
esin©  D 

esinQ  -V  Q,  dcos©  -4  D 
dcos©  - esin©  ->  Q,  dsin©  ->  D 
b — Q — v GR i e — ^ M 
b + Q — ^ GR 

dsin©  -4  Q,  ecos©  ->>  D 
Q + ecos©  ->  Q,  c D 
c+Q-*S(e->M) 

-c  + Q — ^ S , c + Q -4  RAM 
-c  + Q — > RAM,  (d  ->  M) 


There  are  12  microinstructions  but  two  (parentheses)  are  look- 
ahead and  so  overlapped  with  the  next  butterfly.  It  follows 
that  the  6 additions  and  4 multiplies  have  been  accomplished  in 
10  microinstructions,  which  was  the  objective.  The  logical 
organization  of  Figure  5 has  been  carefully  arranged  to  opti- 
mize the  flo"  of  data  and  intermediary  results.  This  is  made 
possible  by  the  microprogrammed  organization  which  can  control 
several  operations  at  once. 


1.7  System  Modes 

Possible  system  modes  are  shown  in  Figure  ?.  The  two  important 
modes  are  those  numbered  1 and  2 in  this  figure.  The  first 
corresponds  to  a single  microprocessor  system  and  the  second 
to  two  microprocessors,  which  is  the  delivered  configuration. 


The  burden  in  order  to  be  able  to  implement  these  modes  lies  on 
the  microprocessor  BIC.  It  is  true  that  the  PDP-11  must  specify 
the  mode  it  wishes  and  must  set  up  the  Control  and  Status 
Register  in  the  microprocessor  BIC,  but  the  switching  and 
desicion  making  is  the  responsibility  of  the  latter. 
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The  required  flexibility  of  the  microprocessor  BIC  (MP  BIC) 
can  be  seen  from  Figure  ?•  The  column  under  microprocessor 
input  indicates  that  the  MP  BIC  must  be  able  to  act  as  a bus 
Master  and  take  either  16  words  or  32  words  from  the  FSM, 

TV  BIC,  or  the  core  memory.  However,  16  words  are  always 
taken  from  the  FSM  and  TV  BIC  while  32  words  are  always  taken 
from  core  memory.  Simularly,  as  Master  the  MP  BIC  must  be  able 
to  send  1 6 words  to  the  FSM  or  32  words  to  the  core  memory  or 
32  words  to  the  second  microprocessor.  As  a Slave  device 
(when  it  is  the  second  microprocessor)  it  must  be  able  to 
accept  32  words.  This  information  is  summarized  in  Figure  1-8. 
As  a result  the  MP  BIC  is  rather  sophisticated. 

In  order  to  decouple  the  microprocessor  from  the  UNIBUS,  the 
MP  BIC  communicates  with  the  microprocessor  Input  FIFO  and 
Output  FIFO.  These  are  64  word  memories,  which  can  operate 
both  in  the  8-bit  byte  mode  and  in  a full  16-  or  12-bit  mode. 
There  is  no  distinction  between  the  full  16-bit  and  12-bit 
modes  because  the  UNIBUS  is  16  bits  in  width  and  always  supplies 
a word  of  this  size,  as  used  in  this  application,  while  the 
microprocessor  is  12  bits  wide  and  hence  rejects  4 of  the  16 
bits. 


Acting  as  Bus  Master 

Input » 

16  words  from  camera  BIC 
16  words  from  FSM  BIC 
32  words  from  core  memory 

Output i 

16  words  to  FSM 

32  words  to  2nd  microprocessor 

32  words  to  core  memory 


Acting  as  Bus  Slave 

Input « 

32  words  from  1st  microprocessor 


Figure  8.  Microprocessor  BIC  I/O 
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SECTION  II 


SYNCHRONIZATION  AND  VIDEO  SUBSYSTEMS 

The  System  Block  Diagrams  of  Pig.  2 and  3 show  a Sync 
Subsystem  as  well  as  TV  camera  and  Analog- to-Digital  Con- 
verter on  the  input  and  a Digital- to- Analog  Converter  and 
TV  Monitor  at  the  output.  Although  the  heart  of  the  Model 
D/W  1240  Digital  Video  Processor  System  consists  of  digital 
circuitry,  it  is  nevertheless  critically  dependent  upon 
the  analog  portions.  This  section  is  concerned  with  brief 
descriptions  of  the  following  subsystems i 

1 ) Sync  Generator 

2)  ADC  Buffer 

3)  Video  Generator. 

The  TV  camera  included  as  part  of  the  system  is  the  Cohu 
4410.  Its  features  include  automatic  sensitivity  and  black 
level  control,  resblution  of  800  lines  in  the  center,  ability 
to  resolve  all  10  shades  of  gray  on  EIA  TV  Test  Chart  with 
only  0.5  footcandle  illumination  using  the  Type  8541  Vidicon. 

It  provides  1.0  V peak-to-peak  composite  signals  in  accordance 
with  EIA  RS-170  specification.  Data/Ware  supplies  this  camera 
with  the  -400  genlock  option  so  that  the  camera  can  be  locked 
in  phase  with  an  external  sync. 

The  monitor  supplied  is  the  Conrac  SNA  series  in  the  17-inch 
CRT  size.  It  is  all  solid-state  with  regulated  low  voltage 
and  stabilized  high  voltage  supplies.  Scan  rates  are  the 
conventional  525/60  U.S.A.  ones,  and  it  provides  800  line 
center  resolution  minimum  with  good  gray  scale  rendition. 

The  horizontal  and  vertical  sizes  are  adjustable.  The  monitor 
can  be  operated  with  video  tape  recorders.  It  will  accept 
either  composite  video  or  separate  video  and  mixed  sync.  A 
DC  restorer  switch  allows  selection  of  1 00%  or  zero  DC 
restoration. 

Both  commercial  and  militarized  ADC's  are  available  which  can 
meet  the  requirement  for  conversion  of  analog  to  digital  at 
a 5 MHz  sample  rate.  Data/Ware  employs  an  ADC  which  meets  speci- 
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fic  customer  requirements.  Considerable  flexibility  is  possi- 
ible  with  respect  to  bits  of  precision,  method  of  control, 
number  representation,  voltage  levels,  etc.  The  particular 
ADC  employed  at  present  provides  ECL  voltage  levels  at  the 
output.  The  video  input  must  be  conditioned  suitably  from  the 
camera. 

2.1  Sync  Generator 

This  single  card  provides  the  basic  TV  timing  signals  necessary 
in  order  to  synchronize  the  analog  and  digital  portions  of  the 
system.  The  block  diagram  of  Fig.  9 shows  that  the  fre- 
quency reference  is  a 19.656  MHz  crystal  oscillator.  When 
divided  by  4,  this  produces  the  pixel  clock  (PCLK),  which 
is  a 4.914  MHz  signal.  After  a further  division  by  6,  the 
resulting  819  KHz  signal  is  provided  as  input  to  a phase- 
locked  loop.  The  latter  provides  a multiplication  by  5, 
which  results  in  a 4.095  MHz  signal  next  divided  by  2 as 
input  to  the  Fairchild  3262A  TV  sync  generator  chip. 

This  Fairchild  IC  is  extremely  useful  for  providing  sychronizing 
signals  in  TV  systems.  Among  its  outputs  are 

1)  Vertical  Drive  (VD) 

2)  Odd  field  pulse 

3)  Even  field  pulse 

4)  Composite  blanking 

5)  Composite  sync 

When  these  signals  plus  PCUC  are  made  available  to  the  various 
subsystems,  the  total  system  can  be  synchronized  properly. 

2.2  ADC  Buffer 

The  purpose  of  this  card  is  to  adjust  certain  voltages  and 
signal  levels  of  the  ADC  to  be  compatible  with  other  subsystems. 
The  video  buffer  section  accepts  75  ohm  video  from  the  camera. 

It  must  clip  the  sync,  set  the  signal  level,  and  condition 
the  signal  amplitude.  It  also  provides  a 50  ohm  output  for  the 
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Figure  9 Sync  System  Block  iiiagram 


ADC  video  input,  as  required.  There  are  three  adjustments  on 
this  card,  they  are  the  following i 

1)  Sync  clip 

2)  Signal  level 

3)  Gain 

The  data  buffer  section  converts  the  ECL  digital  data  from  the 
ADC  to  TTL  levels  for  transmission  to  the  Camera  Bus  Interface 
Card.  Two  other  control  signals  must  be  exchanged  between  the 
ADC  and  the  Bus  Interface  Card.  They  are  Convert,  which 
must  be  level  shifted  from  TTL  to  ECL,  and  End  of  Conversion 
which  must  be  shifted  in  the  opposite  direction. 

2.3  Video  Generator 

At  the  output  of  the  system,  8-bit  pixels  from  the  Frame 
Store  Memory  Bus  Interface  Card  (FSM  BIC)  must  be  sent  to 
a DAC  for  conversion  to  analog.  Following  the  DAC  is  a Sam- 
ple-and-Hold  circuit.  The  two  units  are  strobed  so  that 
first  the  DAC  is  given  100  ns  to  settle  and  then  the  data  is 
enabled  into  the  S/H  which  is  also  allowed  100  ns  to  settle, 
at  which  point  the  analog  output  is  held  for  another  100  ns. 
Thus  each  pixel  will  be  displayed  for  about  200  ns,  which  is 
consistent  with  the  5 MHz  data  rate  of  the  original  digitized 
samples. 

The  video  signal  so  generated  must  be  combined  with  blanking 
and  sync  signals  from  the  TV  Sync  Generator  to  produce  a com- 
posite video  signal  which  will  drive  the  TV  monitor.  Three 
adjustments  are  provided i 

1)  Sync  level 

2)  Blanking  level 

3)  Video  Gain 

As  an  auxiliary  function,  this  card  also  accepts  the  composite 
synchronization  signal  from  the  Fairchild  3262A  and  after  buf- 
fering provides  it  to  the  TV  camera  as  genlock  sync  in  order 
to  keep  the  camera  in  step  with  the  rest  of  the  system. 
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SECTION  III 


TV  CAMERA  BUS  INTERFACE  CARr 

This  device  is  a plug-in  Quad-wide  card  to  the  PDP-11  UNIBUS 
which  will  accept  digitized  TV  data  (picture  elements  or  pixels) 
from  a high-speed  Analog-to-Digital  Converter  (ADC),  buffer  them 
in  a FIFO  memory,  and  as  a Slave  Device  transfer  them  to  a UNIBUS 
Master  — typically  a Frame  Store  Memory  or  Microprocessor, 
li  has  two  modes  of  operations  Snapshot  and  Stripe.  In  the 
first  mode,  it  sends  an  entire  field  to  the  Frame  Store  Memory. 

In  theory  this  could  consist  of  256  TV  lines,  each  of  256  pixels. 
Words  are  packed,  however,  so  that  two  8-bit  pixels  are  contained 
within  a single  PDP-11  16-bit  word.  In  the  Stripe  mode,  the 
TV  BIC  sends  only  one  eighth  of  each  line,  consisting  of  32  pixels, 
to  the  microprocessor.  This  vertical  piece  cf  the  TV  picture  is 
referred  to  as  a Stripe. 

3.1  Block  Diagram 

Data  flow  in  Fig.  10.  is  from  left  to  right,  from  the  ADC  through 
the  Hold  Register,  then  the  8-bit  wide  FIFO  memory,  and  finally 
to  the  UNIBUS  as  shown  on  the  right  hand  side.  Note  that  the 
8-bit  Data  Register  permits  assembling  two  pixels  into  a single 
word.  Also,  the  8-bit  Control  and  Status  Register’s  contents 
can  be  multiplexed  onto  the  UNIBUS  when  commanded  by  the  computer. 
Function  control  and  I/O  control  logic  responds  to  bus  commands 
to  carry  out  the  required  timing  and  sequencing. 

In  order  to  control  the  ADC,  the  TV  BIC  must  send  Start  Conver- 
sion. The  ADC  responds  with  an  8-bit  data  input  and  the  signal. 
End  of  Conversion.  This  can  be  used  to  strobe  data  into  the 
64-word  FIFO. 

Also  on  the  left  side  of  the  figure  are  signals  received  from 
the  System  Synchronization  Unit.  These  include  the  square-wave 
4.9  MHz  PCUC  (pixel  clock)  needed  to  drive  the  ADC  plus 
signals  from  the  Fairchil(f  3262A  TV  sychronization  chip.  The 
latter  include  Vertical  Drive,  Composite  Blanking,  Even  Field, 
and  Odd  Field. 


Signals  sent  to  the  Frame  Store  Memory  BIC  include  PCLK, 

Vertical  Drive,  Enable,  and  Gate  Enable.  The  last  three  of  these 
are  sent  also  to  the  microprocessor  BIC.  These  signals  can  be 
wired  along  the  backplane  of  the  PDP-11  since  they  are  sent 
between  Bus  Interface  Cards  plugged  into  the  UNIBUS. 

PCLK  is  used  by  the  FSM  BIC  for  reading  pixels  from  the  Frame 
Store  Memory  to  update  the  TV  Monitor  and  for  other  timing 
functions.  In  particular,  the  FSM  BIC  divides  it  down  to 
CCLK,  which  corresponds  to  a 2-byte  word  time.  There  are 
312  PCLK  clocks  during  a TV  line  — 256  during  active  time  and 
56  during  retrace.  Because  the  PCLK,  which  is  counted  down 
from  a higher  frequency  crystal  oscillator,  is  closer  to  4.914 
MHz  than  to  4.9  MHz,  the  active  line  time  is  52.1  usee  rather 
than  the  usual  52.2.  Retrace  time,  which  consists  of  56  clocks, 
is  then  11.4  usee  rather  than  the  usual  11. 3 usee. 

Vertical  Drive  indicates  that  the  camera  is  generating  data 
corresponding  to  the  active  485  lines  of  a picture.  When  Vertical 
Drive  goes  false,  it  means  that  vertical  retrace  has  begun. 

Since  the  fields  are  interlaced  (even  and  odd)  to  form  the  pic- 
ture, each  field  has  approximately  242^  active  lines  and  20 
lines  for  retrace.  The  retrace  time  is  thus  about  1.27  msec. 

Enable  (EN)  indicates  the  active  portion  of  the  TV  line.  This 
portion,  as  indicated  above,  contains  256  PCLK  clocks,  and  there 
are  56  PCLK  clocks  during  the  negation  of  EN.  This  signal  is 
needed  both  by  the  Frame  Store  Memory  and  by  the  microproces- 
sor. In  a sense  they  are  sychronized  to  the  camera  and  to 
the  monitor. 

Gate  Enable  (GEN)  is  a signal  which  indicates  that  under  con- 
trol of  the  TV  BIC  the  ADC  is  converting  analog  pixels  to  dig- 
ital values.  This  signal  is  useful  to  the  other  BIC's  since 
it  indicates  that  there  is  data  in  the  FIFO  ready  to  be  trans- 
ferred out  by  a Master  device. 
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3 . 2 Operation 

When  placed  in  the  snapshot  mode  by  the  PDP-11  computer,  the 
TV  BIC  will  capture  an  entire  field  of  approximately  242^  lines. 
It  has  been  designed  so  that  it  will  always  select  an  odd  frame. 
This  is  convenient  because  it  avoids  the  half  line  which  starts 
the  even  field.  Also  the  half  line  at  the  end  of  the  odd  field 
does  not  create  a problem  because  it  happens  during  vertical  re- 
trace. Because  the  even  and  odd  fields  are  different  (inter- 
leaved) , it  is  better  to  always  take  data  from  one  or  the  other 
when,  as  in  the  present  case,  not  all  data  can  be  use%.  Other- 
wise the  eye  can  detect  differences.  These  differences  occur 
when  first  an  odd  field  is  "doubled  up"  to  525  lines  to  make 
a frame  and  later  an  even  field  is  used  in  a similar  manner. 

A 64  word  buffer  is  sufficient  because  the  UNIBUS  and  the 
Frame  Store  Memory  are  able  to  keep  up  with  the  TV  camera  ir 
terms  of  data  rate  — 4.9  megapixels  per  second  peak  rate. 

Note,  however,  that  by  continuing  to  transfer  data  during  the 
retrace  time  the  average  data  rate  can  be  reduced  by  the  ratio 
of  active  line  time  to  total  line  time,  or  52.1/63.5  = .82. 
.82x4.9  = 4.02  megapixels  per  second  average  rate,  which  is 
equivalent  to  a word  rate  slightly  in  excess  of  2 MHz. 

When  the  vertical  drive  signal  goes  false,  indicating  that 
vertical  retrace  has  begun,  the  TV  BIC  will  start  supplying 
zeros  to  be  stored  in  the  FIFO.  This  has  the  effect  of  clear- 
ing the  FIFO  until  a new  field  transfer  is  begun  at  a later 
time . 

In  the  stripe  mode  which  is  used  when  a microprocessor  is  go- 
ing to  process  data  directly  from  the  TV  camera  without  going 
through  a FSM,  32  pixels  from  each  line  are  selected  and  stored 
in  the  FIFO  buffer.  The  stripes  are  numbered  0 to  7 from  left 
to  right.  The  stripe  currently  being  read  is  determined  by  3 
selection  bits  in  the  Control  and  Status  Register.  The  result- 
ing octals  numbers,  0,  2,  4,  and  6,  will  select  the  odd  field, 
while  1,  3.  5.  and  7 select  the  even  field.  When  selecting  the 


even  field , the  TV  BIC  is  careful  to  disregard  the  first  half 
line  at  the  top  of  the  field.  When  the  vertical  drive  signal 
goes  false,  zeros  are  again  transferred  into  the  FIFO. 


3.3  Control  and  Status  Register 

The  CSR  in  the  TV  BIC  is  organized  as  follows  1 
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1 0 ADC  Fault 

1 1 Overflow  Error 


The  computer  must  write  a one  into  CSRO  in  order  to  initiate 
the  capture  and  storage  of  pixels.  The  Stripe  Select  Field 
has  already  been  discussed,  as  has  the  stripe/snapshot  mode. 


When  the  Start  bit  is  set  by  the  computer,  the  Active  bit  is 
automatically  raised  by  the  BIC.  The  next  odd  or  even  field 
pulse  (whichever  is  appropriate  in  the  selected  Mode  and  Field) 
will  reset  the  Start  bit.  This  occurs  about  200  usee  before 
viewable  data  actually  is  .vailable  Irom  the  TV  camera  and  ADC. 
The  Active  bit,  however,  normally  stays  high  until  vertical  drive 
goes  false.  Thus  the  Active  bit  is  a status  bit  which  the  com- 
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puter  can  read.  If  the  computer  writes  the  Start  bit  low,  it 
will  cause  the  Active  bit  to  also  go  low.  When  the  Start  bit 
is  thus  reset,  the  effect  is  a general  reset.  In  addition, 
the  UNIBUS  INIT  has  the  same  effect.  Either  of  these  sets 
the  Res6t  F/F,  which  will  be  cleared  by  "unblank",  the  negation 
of  Composite  Blanking.  While  the  Reset  F/F  is  high,  it  pre- 
vents Data  Register  transfers  along  the  UNIBUS  in  response  to 
a Master  device.  These  transfers  can  be  resumed  after  unblank 
or  after  the  computer  sets  the  Start  bit  again. 

The  Active  bit  not  only  goes  low  when  the  Start  bit  is  written 
low  by  the  computer,  but  also  when  an  error  occurs.  The  error 
condition,  and  also  the  normal  resetting  of  Active  by  Vertical 
Drive  going  low,  do  not  halt  operations  by  the  BIC.  Instead 
zeros  are  transferred  into  the  FIFO  buffer  memory. 

When  CSR  bit  7 is  low,  it  indicates  that  no  error  has  been  de- 
tected. If  it  is  high,  then  bit  6 must  be  examined  to  see  the 
nature  of  the  problem.  The  two  error  conditions  are 

1)  The  ADC  has  failed  to  respond  with  an  "End  of 
Conversion"  in  the  allotted  time,  or 

2)  The  FIFO  buffer  was  full  and  an  attempt  was  made 
by  the  TV  BIC  to  write  into  it. 


SECTION  IV 


FRAME  STORE  MEMORY  AND  ITS  BUS  INTERFACE  CARD 

Because  the  updating  of  the  TV  image  from  the  microprocessor 
does  not  occur  at  full  TV  rates,  it  is  necessary  to  carry  out 
a scan  converter  function.  This  is  dope  digitally  by  means  of 
a 256x256  = 65,000  byte  semiconductor  memory,  referred  to  as 
the  Frame  Store  Memory  (FSM).  In  order  to  keep  the  display 
on  the  TV  monitor  refreshed,  256  pixels  along  each  TV  line 
must  be  accessed  from  RAM,  converted  from  digital  to  analog, 
and  combined  with  a sync  signal  to  produce  composite  video. 

Even  though  two  pixels  are  stored  in  each  RAM  location  — the 
FSM  being  organized  as  32,000  16-bit  words  — the  required 
speed  of  operation  is  128  words  in  an  active  line  time  of 
52.2  microseconds,  which  is  equivalent  to  2.45  MHz.  This  in 
turn  requires  a memory  cycle  time  of  407  nanoseconds  or  less. 

On  the  one  hand,  the  FSM  must  drive  the  TV  monitor  and  keep  it 
refreshed  from  its  stored  pixel  values,  each  an  eight-bit  byte. 

On  the  other  hand,  the  FSM  must  acquire  the  data  to  be  displayed. 
This  is  accomplished  by  means  of  a Bus  Interface  Card  which  ties 
the  FSM  to  the  PDP-11  UNIBUS.  The  BIC  contains  all  the  necessary 
logic  to  permit  the  FSM  to  appear  either  as  a Master  or  Slave 
device  on  the  UNIBUS.  Three  other  types  of  devices  normally 
store  data  in  the  FSM  or  read  from  it.  They  are  the 

a)  TV  Camera 

b)  microprocessor 

c)  PDP-11  computer 

In  the  Master  Mode , the  FSM  can  capture  an  entire  field  of 
data  (256  lines  of  256  pixels  each  from  the  Camera,  whose  own 
BIC  will  buffer  the  digitized  samples  from  the  high-speed  A to 
D converter.  In  the  Slave  Mode  the  FSM  can  be  loaded  with  data 
from  the  microprocessor  or  even  the  PDP-11.  Similarly  it  can 
be  read  by  the  latter  two  devices,  the  FSM  is  made  to  appear 
to  the  computer  as  an  extension  of  PDP-11  core  memory.  For 
simplicity  the  FSM  is  divided  into  stripes  just  as  the  TV  pic- 
ture is.  The  vertical  stripes  are  each  32  pixels  wide  and  256 
lines  deep.  This  amounts  to  8,192  pixels  or  4,096  words.  A 
stripe  register  in  the  BIC  set  by  the  computer  keeps  track  of 
which  stripe  is  currently  "active"  for  purposes  of  UNIBUS  trans- 
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actions.  It  is  assumed  that  the  PDP-11  normally  does  not  have 
a full  28k-word  core  memory.  If  not,  then  the  4k-word  stripe 
of  FSM  will  be  mapped  into  the  unused  portion  of  28k  core  memory 
space.  This  has  the  advantage  that  the  PDP-11  can  now  directly 
access  the  FSM  for  data  manipulation  or  data  analysis.  The  FSM 
can  be  made  to  appear  as  "fast"  memory. 

With  the  exception  of  the  PDP-11  CPU  all  other  devices  on  the 
UNIBUS  make  use  of  an  18-bit  address.  It  is  therefore  con- 
venient to  give  the  FSM  two  addresses  — one  within  the  normal 
28k  memory  space  and  one  in  "upper"  memory  which  must  be  access- 
ed with  an  18-bit  address.  The  latter  is  convenient  because  it 
permits  having  two  or  more  FSM's  on  the  UNIBUS  at  once.  They  are 
assigned  different  addresses  in  upper  memory  to  avoid  confusion. 
If  possible,  the  two  FSM's  should  be  given  different  4k  address 
ranges  in  the  28k  of  lower  memory.  The  PDP-11  is  able  to  set 
bits  within  the  CSR  of  each  FSM  BIC  designating  which  is  current- 
ly active  for  reading  and  which  for  writing.  However,  the  PDP-11 
always  precedes  a write  command  with  a read.  Therefore,  to  do  a 
write  from  the  PDP-11,  the  read  and  write  bits  of  the  Addressed 
FSM  must  be  set  and  the  same  bits  must  be  cleared  in  the  inactive 
FSM  BIC  CSR  prior  to  the  write  operation.  In  this  way,  more  than 
one  FSM  may  occupy  the  same  address  range. 

4.1  Frame  Store  Memory 

The  Frame  Store  Memory  is  the  Microram  3400N  of  Electronic 
Memories  & Magnetics  Corp.  The  particular  model  selected  is 
a high-performance  version  with  a cycle  time  of  less  than  400 
nsec  rather  than  the  450  nsec  shown  in  the  EM&M  reference 
document  included  with  this  report.  The  EM&M  Technical  Manual, 
TM928776  Rev  B of  January,  1976,  presents  the  theory  of  operation 
of  the  memory,  and  only  certain  extracts  and  highlights  from 
this  document  will  be  included  here. 

The  basic  memory  consists  of  NMOS  chips  packaged  on  a single 
capd,  shown  in  Fig.  4-1.  Each  chip  holds  4k  bits  so  that  the 
maximum  size  memory  (32,768  words  of  18  bits  each)  requires 
144  chips.  Data/Ware  packages  this  card  within  a suitable 
chassis  equipped  with  fans.  Power  is  supplied  from  external 
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supplies.  The  basic  card  measures  ll.?5M  by  15.40".  The 
thickness  of  the  card  is  slightly  greater  than  i”.  Input/ 
Output  from  the  memory  card  is  via  two  80-pin  edge -type  con- 
nectors. DC  voltages  required  are  +15.  +5.  and  -15*  The 
respective  currents  are  2.3,  3,  and  0.5  amperes  under  normal 
operating  conditons. 

The  modes  of  operation  include  read,  write,  and  read/modify/ 
write.  In  the  present  application  only  the  first  two  modes 
are  employed.  More  precisely  these  two  modes  can  be  identified 
as  read/restore  and  clear/write.  Although  the  memory  can  be 
addressed  as  65,000  9-bit  words,  this  is  not  done  in  the  present 
application.  Instead,  two  bits  are  ignored  and  the  memory  thus 
appears  as  32k  16-bit  words,  each  consisting  of  two  8-bit  pixels 

Fig.  12  presents  the  block  diagram  of  the  RAM  memory.  Note 
that  all  information  into  and  out  of  the  memory  is  buffered. 

Thus  there  is  a Data  In  Register  as  well  as  Data  Out  and  Address 
Registers.  This  simplfies  the  design  of  the  FSM  BIC  in  several 
respects,  as  will  be  seen  later. 

The  timing  diagrams  for  write  and  read  operations  are  shown 
in  Fig.  13.  RP  is  the  initiate  pulse  used  to  start  a cycle. 
However,  the  cycle  can  be  initiated  only  if  MB  (Memory  Busy)  is 
high  indicating  that  the  memory  is  not  busy.  The  write  timing 
diagram  shows  that  the  RP  line  must  have  been  high  at  least  50 
nsec  before  going  low  and  must  produce  a pulse  of  at  least 
50  nsec  width.  The  AI  (Address  In)  and  DI  (Data  In)  lines 
must  be  stable  at  the  time  the  RP  pulse  goes  low. 

When  reading,  Fig.  13  shows  that  DA  (Data  Available)  drops 
after  275  nanoseconds  to  indicate  that  DO  (Data  Out)  is 
ready.  In  the  present  application  this  is  a valuable  signal 
when  the  FSM  is  refreshing  the  TV  monitor.  It  has  been  noted 
that  when  this  is  being  done,  words  must  be  read  from  the  FSM 
at  a rate  of  one  word  every  407  nsec,  which  is  challenging. 
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4.2  Bus  Interface  Card  Characteristics 

Fig.  14.  is  the  block  diagram  of  the  FSM  BIC,  which  is  a full- 
sized  Hex  board  which  plugs  directly  into  the  PDP-11  chassis 
and  is  powered  from  the  computer  power  supply.  In  the  upper 
right  hand  corner  of  the  diagram  it  can  be  seen  that  it  has 
the  necessary  logic  to  act  either  as  Bus  Master  or  Bus  Slave, 
as  directed  by  the  computer.  Suitable  drivers  and  receivers 
are  provided  for  the  data  and  address  lines.  In  order  to 
act  as  Bus  Master,  the  BIC  must  supply  an  address,  in  partic- 
ular that  of  the  TV  Camera.  As  mentioned  above,  the  FSM  can 
be  addressed  as  either  a 4k  part  of  lower  or  upper  computer 
memory.  Thus  an  address  comparator  is  needed,  as  shown.  So 
that  the  computer  can  write  and  read  the  Control  and  Status 
Register,  it  is  necessary  to  decode  this  address  on  the  UNIBUS. 

Both  a Write  Register  and  a Read  Register  are  provided  in  order 
to  buffer  data  from  and  to  the  UNIBUS.  These  registers  communi- 
cate with  the  FSM.  So  that  the  FSM  can  refresh  the  TV  monitor, 
an  8-bit  buffer  is  set  aside  solely  for  this  function.  But 
a multiplexer  is  needed  to  select  first  one  byte  and  then  the 
other  from  the  16-bit  word  from  the  FSM.  The  multiplexer  in 
turn  drives  the  digital-to-analog  converter,  which  is  not  part 
of  the  FSM  BIC. 

The  address  supplied  to  the  FSM  comes  from  the  Scan  Counter 
during  the  Master  Mode.  In  the  Master  Mode  words  are  read 
from  the  TV  Camera  BIC  over  the  UNIBUS  until  vertical  re- 
trace occurs.  External  synchronizing  circuitry  assures  that 
the  FSM  BIC  starts  the  transfer  of  a complete  field  at  the 
appropriate  moment  and  stops  at  vertical  retrace.  Actually 
fewer  than  256  lines  are  transferred.  The  words  are  stored 
sequentially  in  the  FSM. 

In  the  Slave  Mode,  the  address  also  comes  from  the  Scan  Counter 
normally.  The  exception  is  when  some  other  device  acting  as 
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Bus  master  elects  to  read  or  write  a word  in  the  FSM.  When 
this  occurs,  a "cycle  steal"  suspends  the  updating  of  the  TV 
monitor  for  a single  memory  cycle.  Afterward,  the  Scan  Counter 
again  supplies  the  address  which  follows,  just  as  the  one  preceding 
this  stolen  address.  During  horizontal  retrace,  the  Scan 
Counter  does  not  advance  in  the  Slave  Mode,  so  as  not  to  get  out 
of  step  with  the  sweep  circuitry  in  the  TV  Monitor.  Note 
that  the  3 "stripe"  bits  of  the  "UNIBUS  address"  come 
from  the  CSR,  where  they  were  set  by  the  computer.  These 
3 bits  determine  which  "stripe"  of  4k  words  is  currently 
accessible  to  the  devices  (including  the  computer)  on  the  UNI- 
BUS. 

When  the  computer  or  the  microprocessor  address  the  FSM,  an 
interesting  distinction  must  be  made  between  read  and  write 
operations.  Writing  is  easier  in  that  both  the  address  and 
data  are  supplied.  Then  the  Master  can  quickly  give  up  the 
bus  and  let  the  FSM  — once  it  has  the  address  and  data  in  its 
buffers  — carry  through  the  cycle.  But  when  reading  the  Master 
must  supply  the  address  and  then  wait  at  least  until  the  FSM 
signals  Data  Available  before  the  transaction  can  be  completed. 

In  order  to  speed  up  the  latter,  a "fast  mode"  has  been  added 
during  FSM  Slave  operations.  When  the  computer  sets  a suitable 
bit  in  the  CSR,  any  device  on  the  UNIBUS  reading  from  the  FSM 
is  given  the  current  contents  of  the  Read  Register  as  soon  as 
the  address  is  supplied.  These  contents  correspond  to  the 
address  previously  supplied.  The  contents  of  the  current  address 
will  be  fetched  and  will  be  ready  during  the  next  UNIBUS  read 
from  the  FSM.  Thus  if  the  computer  or  microprocessor  is  read- 
ing a long  string  of  words  from  FSM,  this  mode  will  speed  up 
the  process . The  only  cost  is  one  extra  cycle  and  some  book- 
keeping by  the  computer.  In  the  fast  mode  there  is  no  refresh. 

4.3  Master  Mode 

As  mentioned  the  FSM  BIC  will  transfer  words  from  the  TV  Camera 
by  supplying  a constant  address  on  the  UNIBUS  and  by  advancing 
the  Scan  Counter,  which  is  initially  reset,  after  each  bus  trans- 
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action.  It  should  be  noted  that  the  Scan  Counter  is  not  ad- 
vanced by  a clock  but  rather  it  is  advanced  only  when  a word  is 
received  from  the  TV  Camera.  Thus  the  unique  self-timing  or 
hand-shaking  feature  of  the  UNIBUS  is  employed.  This  means  the 
use  of  the  Master  Sync  signal  sent  by  the  Master  Device  (in 
this  case  the  FSM)  and  the  Slave  Sync  signal  returned  by  the 
Slave  Device  when  it  has  placed  the  desired  word  on  the  UNIBUS. 

The  camera  uses  a FIFO  buffer  and  so  it  is  not  necessary  to 
give  it  a word  address.  The  FSM  supplies  a constant  address 
to  the  TV  Camera  BIC,  and  each  time  it  does  so  it  receives  a 
word  in  return.  This  makes  it  possible  to  transfer  the  128 
words  corresponding  to  a full  line  in  63.5  microseconds  in- 
stead of  the  active  line  time  of  52.2  microseconds.  This 
reduces  the  data  rate  from  2.45  MHz  to  2.0  MHz,  which  is  very 
desirable  in  order  to  stay  within  the  capabilities  of  the  UNI- 
BUS. 

Several  methods  of  employing  the  system  are  possible.  The 
Master  Mode  permits  capturing  an  entire  field  of  TV  data  for 
later  processing.  The  sync  system  notifies  both  the  TV  Camera 
BIC  and  the  FSM  BIC  of  the  start  of  a new  field.  The  FSM  BIC 
will  not  request  the  bus  until  a signal  "Gate  Enable"  from  the 
TV  Camera  BIC  informs  it  that  the  data  is  ready  in  the  buffer 
for  transfer.  When  an  entire  field  is  being  transferred,  as 
in  this  mode,  it  is  always  the  odd  field  selected.  When 
successive  fields  are  captured,  processed,  and  displayed  on  the 
monitor,  this  results  in  a higher  quality  picture  since  the 
even  and  odd  fields  are  not  intermixed,  which  would  create 
artifacts.  The  vertical  retrace  stops  the  transfer  of  data 
from  the  camera  and  also  removes  the  FSM  BIC  from  the  Master 
Mode . 

While  in  the  Master  Mode,  the  FSM  BIC  stops  refreshing  of  the 
display.  As  soon  as  the  BIC  returns  to  the  Slave  Mode,  the 
refreshing  is  resumed. 
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4.3.1  Timing 

The  timing  for  the  bus  transfers  in  the  Master  Mode  is  shown 
in  Fig.  15-  The  computer  initiates  this  mode  by  setting 
CSR  bit  0 to  a logical  one.  When  the  TV  camera  BIC  card  sends 
GEN  (Gate  Enable)  indicating  that  it  has  started  the  acquisition 
of  data  from  am  odd  field  (upper,  left  hand  corner  of  the  TV 
screen) , CSR  bit  zero  is  strobed  into  a latch  and  the  Master 
Mode  begins.  When  bur.  control  is  granted,  MRES  (Master  Reset) 
zeros  the  counter  in  the  BIC  which  will  step  sequentially 
through  the  FSM  addresses  as  the  field  of  data  is  stored.  At 
the  same  time  bus  control  is  granted  to  the  BIC,  a one-shot 
is  triggered  to  measure  off  a time  interval  of  about  300  micro- 
seconds. If  the  camera  interface  does  not  respond  with  SSYN 
to  the  FSM  BIC's  MSYN  along  the  UNIBUS,  an  error  bit  (bit  7)  is 
set  in  the  CSR. 

After  being  granted  control  of  the  bus,  the  TV  camera  address 
is  placed  on  the  UNIBUS.  Following  a 150  nanosec.  delay  to 
eliminate  skewing  problems,  MSYN  (Master  Synchronization)  is 
raised  by  the  FSM  BIC  to  request  information  from  the  camera. 

The  camera  responds  with  SSYN  (Slave  Synchronization)  as  part 
of  the  hand-shaking.  Since  it  is  the  responsibility  of  the 
Master  device  to  eliminate  skew,  the  BIC  will  delay  SSYN  by 
75  nsec  — creating  delayed  SSYN,  designated  as  DSSYN.  DSSYN 
strobes  data  into  the  Write  Register  and  causes  MSYN  to  be 
dropped.  When  the  TV  camera  sees  MSYN  dropped,  then  it  will 
in  turn  drop  SSYN  to  complete  the  bus  transaction.  (On  the 
logic  schematics,  SSYN  is  identified  as  UDSSYN  for  undelayed 
SSYN.) 

In  order  to  initiate  the  FSM  write  cycle,  two  conditions  must 
be  met.  The  first  is  that  the  TV  data  has  been  acquired  by 
the  FSM  BIC  the  second  is  that  the  memory  has  completed  the 
previous  cycle.  Suitable  logic  involving  the  RP  F/F  triggers 
the  RP  one-shot  after  SSYN  has  fallen. 
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Figure  15*  Master  Mode  Timing 
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4.3.2  Implementation 

In  simplified  form,  Figure  16  . shows  the  generation  of  the  timing 
signals  of  Figure  15*  At  start-up  of  the  Master  Mode,  the 
rising  edge  of  the  150  nsec  MRES  pulse  sets  the  MSYN  F/F, 
which  generates  MMSYN.  The  first  bus  transaction  after  the 
Master  Mode  is  entered  requires  that  MSYN  be  delayed  150  nsec 
for  deskewing.  However,  thereafter  this  is  not  necessary  since 
the  address  is  left  on  the  bus  and  is  unchanged.  This  speeds 
up  the  bus  transfers. 

After  MSYN  is  put  on  the  bus  and  the  TV  camera  BIC  responds 
with  SSYN,  the  leading  edge  of  the  latter  signal,  qualified  by 
MASTER  and  MSYN,  NORRED  with  CABUS  --  resets  the  MSYN  F/F. 

As  soon  as  the  TV  camera  BIC  responds  by  dropping  SSYN,  this 
trailing  edge  of  the  undelayed  signal  (UDSSYN)  sets  the  RP  F/F 
to  request  a memory  cycle.  This  is  appropriate  because  the 
UNIBUS  data  was  strobed  into  the  Write  Register  on  the  leading 
edge  of  SSYN  and  is  therefore  available. 

Since  the  memory  is  faster  than  the  number  of  words  converted 
per  line,  there  is  no  danger  of  the  CAMERA  BIC  FIFO  getting 
ahead  of  the  FSM.  Therefore,  it  is  safe  to  use  the  rising  edge 
of  the  Q output  of  the  RP  F/F  to  trigger  the  RP  one-shot,  which 
in  turn  produces  a 75  nsec  RP,  as  required  by  the  FSM.  RP  then 
clears  the  RP  F/F. 

From  the  logic  diagram  it  can  be  seen  that  RP  is  also  used  to 
advance  the  Scan  Counter,  whose  output  is  the  address  where  the 
next  input  word  will  be  stored.  In  order  to  start  the  fetch 
from  the  TV  camera  of  the  next  word,  the  low  going  RPNOT  pulse 
is  used  to  preset  the  MSYN  F/F. 

When  MSYN  rises,  the  TV  camera  is  being  requested  to  send  another 
word.  Note  that  this  occurs  before  or  at  most  slightly  after  the 
FSM  start  to  write  the  current  word  into  the  current  address, 
thus  taking  advantage  of  the  fact  the  FSM  has  internal  registers. 
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Figure  16.  Master  Mode  Logic 
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4.4  Slave  Mode 

In  the  Slave  Mode  the  FSM  BIC  must  permit  cycle  steals  from  the 
UNIBUS  while  continuing  the  refresh  of  the  Monitor.  This  re- 
quires care  in  design  because  of  the  very  short  cycle  times  in- 
volved. Furthermore,  when  a cycle  steal  occurs,  this  means  that 
data  normally  made  available  from  the  FSM  to  the  Monitor  is  lost. 
This  is  one  reason  why  the  Sample/Hold  Enable  signal  is  included. 
It  makes  it  possible  to  "Extrapolate"  the  last  pixel  value  over 
the  next  two  pixel  locations.  If  the  normal  display  includes 
Byte  6,  Byte  7,  Byte  8,  Byte  9.  Byte  10,  Byte  11,  and  if 

Bytes  8 and  9 are  not  fetched  from  FSM  because  of  a cycle  steal, 
then  it  is  Byte  7 which  should  be  extrapolated  into  the  positions 
of  Byte  8 and  9 as  a substitute.  This  problem  does  not  arise 
if  the  cycle  stealing  occurs  during  horizontal  refresh  — a period 
of  time  of  some  11.3  microseconds  duration.  The  heaviest  de- 
mand on  the  FSM  is  from  the  microprocessor  and  so  the  logic  in 
its  BIC  has  been  designed  to  force  it  to  write  to  the  FSM  during 
retrace  time.  In  a two  microprocessor  system,  This  is  all  that 
is  required.  However,  if  a single  microprocessor  is  accessing 
FSM  both  to  read  out  pixels  and  then  to  write  them  back  after 
processing,  it  must  be  given  access  during  active  line  time.  This 
is  when  the  cycle  stealing  is  required. 

4.4.1  Refreshing  TV  Monitor 

In  the  Slave  Mode  the  most  important  function  of  the  FSM  BIC 
is  the  sequential  access  of  128  words  (256  bytes)  during  the 
52.2  microseconds  of  active  line  time.  These  bytes  are  con- 
verted to  analog  form  and  displayed  on  the  Monitor. 

The  logic  is  shown  in  Fig.  4-7.  The  Scan  Counter  is  split 
into  two  parts.  The  seven  least  significant  bits  count  up 
the  128  words  and  come  from  the  Pixel  Counter.  The  eight 
most  significant  bits  come  from  the  Line  Counter.  The  Scan 
Counter  is  advanced  only  during  active  line  time  by  CCLK*PCI1C — 
pulses  and  is  cleared  at  Vertical  Retrace  time. 
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Figure  17.  Monitor  Refresh  Logic 
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Basic  timing  is  furnished  by  the  Sync  System  and  consists 

of  a 4.9  MHz  clock,  the  PCLK  or  Pixel  Clock.  Through  a flip- 
flop,  PCLK  ie  divided  by  two  to  produce  a clock,  CCLK,  which 
is  a word-time  clock.  A signal,  Enable  or  EN,  from  the  camera 
interface  clears  the  pixel  counter  at  the  end  of  each  line 
while  Vertical  Drive  clears  the  line  counter  at  the  end  of 
a field.  EN  is  inverted  and  renamed  Gated  Unblanking  or 
GUNBLK,  which  is  equivalent  to  horizontal  retrace  time. 

Fig.  17.  shows  the  Line  and  Pixel  Counters,  the  flip-flop 
for  counting  down  the  PCLK  to  the  CCLK,  the  one-shot  for 
producing  the  memory  initiate  pulse,  RP,  the  Read  Register 
which  holds  data  to  be  sent  to  the  D/A  converter  when  the 
FSM  indicates  Data  Available  (DA) , and  the  Byte  Select  Mux 
which  selects  the  alternate  8-bit  bytes  from  the  16-bit  memory 
word.  During  an  active  line  time  CCLK  generates  RP  to  initi- 
ate memory  cycles.  The  rising  edge  of  CCLK  ANDed  with  PCLK — 
will  advance  the  Scan  Counter  so  that  the  next  address 
is  ready  well  in  advance.  When  CCLK  is  high  the  high-order 
bits  of  the  Read  Register  are  selected;  when  CCLK  is  low  the 
low-order  bits  are  selected.  The  sample  and  hold  module  is  en- 
abled by  PCLK  so  that  the  output  of  the  DAC  has  more  than 
100  nsec  to  stabilize  before  its  output  is  latched. 

The  timing  for  the  Slave  Mode  is  shown  in  Fig.  18.  The 
duration  of  the  positive-going  portion  of  PCLK  is  approximately 
100  ns.  Thus  the  complete  cycle  of  CCLK,  which  corresponds 
to  a cycle  of  the  Frame  Store  Memory,  is  about  400  ns.  K clock 
is  CCLK • PCLK-  - and  is  useful  for  initiating  switching  actions  and 
making  decisions  prior  to  the  leading  edge  of  CCLK  — the  latter 
being  the  basic  clock  for  timing.  Note  that  in  the  Slave  Mode, 
during  active  line  time  but  not  during  retrace,  the  leading 
edge  of  CCLK  triggers  the  memory  with  the  memory  initiate  pulse, 
RP.  The  latter  pulse  makes  the  FSM  generate  MB,  i.e.  Memory  Busy. 
Memory  Not  Busy  (MB)  must  rise  before  the  next  cycle.  This  means 
that  the  FSM  must  cycle  in  400  nsec  or  less.  When  reading,  the 
signal  Data  Available,  or  DA,  indicates  that  the  data  is  ready 
to  be  strobed  into  the  Read  Register  in  the  BIC,  but  the  read 
register  is  actually  strobed  by  KCUC  about  20  ns  later,  during 
active  line  time. 
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Continuing  the  discussion  of  active  line  time,  it  is  desired  to 
permit  devices  on  the  UNIBUS,  such  as  the  PDP-11  computer  it- 
self or  the  microprocessor,  to  steal  a cycle  in  order  to  read 
or  to  write  memory.  The  lower  part  of  Figure  18.  depicts  how 
this  can  be  done. 

Assume  that  MSYN  goes  high  and  assume  furthermore  that  the  address 
on  the  UNIBUS  indicates  that  the  FSM  is  the  SLAVE.  Then  an  intern- 
al signal,  DEV ADD,  indicates  that  this  is  the  case.  The  K clock 
is  the  synchronizing  signal  to  decide  whether  DEVADD  is  or  is 
not  to  be  recognized.  K clock  is  convenient  since  it  precedes 
the  rising  edge  of  CCLK  and  the  memory  initiate  by  100  nsec. 

From  Figure  19,  it  can  be  seen  that  if  DEVADD  is  present  and 
if  it  is  not  retrace  time,  then  K clock  (CCIiC*  PCLK-- ) will  set 
the  latched  LAMSYN  F/F.  Also,  the  next  K clock  will  reset  LAMSYN 
and  will  simultaneously  set  Slave  Busy  (SLVBSY),  also  for  exactly 
one  cycle.  As  LAMSYN  is  being  raised  to  the  logical  one  state, 
its  output  is  also  setting  the  Slave  F/F  so  that  SLV  is  taken 
to  a high  state,  which  multiplexes  the  external  address  onto  the 
FSM  Address  Bus.  After  SLV  is  in  the  high  state,  the  memory 
initiate  pulse,  RP,  will  reset  SLV.  Thus  SLV  is  a rather  short 
pulse  which  rises  with  the  leading  edge  of  LAMSYN,  i.e.  during 
a memory  cycle  steal,  and  falls  shortly  after  the  memory  cycle 
is  initiated,  being  stable  slightly  before  till  slightly  after 
RP.  The  main  use  of  SLV  is  during  the  UNIBUS  write  because  it 
is  a convenient  way  to  set  the  answering  signal,  SSYN,  required 
by  the  UNIBUS  protocol  in  response  to  MSYN  from  the  Master 
Device.  SSYN  says  that  the  data  has  been  received  by  the  FSM 
and  that  the  transaction  is  complete.  This  is  not  true  since 
the  data  is  in  the  process  of  being  written  into  the  FSM,  but 
by  releasing  the  UNIBUS  early  data  transactions  are  speeded  up. 

Note,  however,  that  LAMSYN  can  only  be  set  on  every  other  cycle 
of  the  FSM  during  active  line  time,  as  depicted  in  Figure  18. 

On  the  first  K clock  it  is  set,  on  the  second  it  it  reset,  on 
the  third  it  could  be  set  again  as  depicted. 


When  reading,  the  signal  KCLK*SLVBSY  is  used  to  raise  SSYN.  Thus 

the  K clock  is  doubly  useful.  First  it  provides  the  time 
reference  for  setting  LAMSYN  to  steal  a cycle  for  the  UNIBUS > 
second,  the  next  K clock  (which  is  300  ns  after  the  memory 
initiate)  provides  a useful  indication  that  Data  Available  has 
by  now  been  generated  by  the  Memory.  Data  Available  occurs 
250  ns  after  memory  initiate. 

The  bottom  half  of  Fig.  18.  dhows  generation  of  SSYN  depending 
on  whether  the  stolen  cycle  was  for  reading  or  for  writing  and 
also  shows  when  MSYN  will  drop  — following  the  rise  of  SSYN  — 
and  how  much  time  is  left  for  it  to  be  raised  again  for  another 
cycle  steal.  When  writing,  MSYN  can  be  dropped  very  early  based 
upon  SSYN  being  set  by  SLV.  When  reading,  MSYN  is  raised  later 
based  upon  K'SLVBSY  but  still  in  adequate  time  to  permit  steal- 
ing  every  other  cycle,  if  desired. 

Three  subnodes  can  be  distinguished  when  in  the  Slave  Modes 

1.  Active  Line  Time 

This  is  the  submode  just  discussed.  In  order  for  the  UNIBUS 
to  write  or  read,  it  must  steal  a cycle  because  normally  in  this 
submode  the  TV  Monitor  is  being  refreshed  by  pixel  pairs  being 
read  out  every  400  ns  from  the  FSM.  Fig.  18.  and  Fig.  19.  have 
shown  how  this  cycle  steal  can  be  accomplished. 

2.  Retrace  Time 

During  horizontal  retrace,  which  lasts  11.3  A18  ou-t  of  the 
63.5  Ms  for  the  total  TV  line,  there  is  no  need  to  refresh  the 
monitor.  During  this  time  CCLK  is  no  longer  permitted  to  trigger 
the  memory.  Instead,  the  UNIBUS  is  given  sole  access  to  the 
FSM.  DEV  ADD • MB • S S YN  is  used  to  initiate  the  memory  cycle,  RP. 
DEVADD-MB  is  sufficient  to  carry  out  a memory  cycle.  The  pur- 
pose of  the  additional  term,  SSYN,  is  to  prevent  a double 
memory  cycle  in  case  MSYN  is  slow  in  being  lowered  when  reading. 
Data  Available  at  250ns  after  memory  initiate  will  set  SSYN. 

Then  MSYN  should  fall  in  75  nsec.  However,  it  is  possible  that 
it  might  still  be  high  when  the  memory  cycle  is  complete. 
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3 . Fast  Read 

This  is  a special  submode  where  therer  is  no  requirement  to 
keep  the  monitor  refreshed  and  where  instead  there  is  a need  to 
read  the  FSM  to  the  UNIBUS  at  the  highest  possible  speed.  To 
overcome  the  access  time  of  the  FSM,  the  word  which  is  already 
in  the  Read  Register  when  the  UNIBUS  sends  an  address  and  MSYN 
is  placed  on  the  UNIBUS  and  SSYN  is  sent.  The  first  word  sent 
thus  has  no  meaning.  However,  as  it  is  sent  the  address  just 
received  over  the  UNIBUS  is  used  to  address  a word  in  FSM.  By 
the  time  the  Master  device  on  the  UNIBUS  requests  a second 
word,  the  first  word  is  available  and  is  sent.  This  is  a very 
fast  form  of  block  reading  based  on  overlapping  the  reads  in 
the  FSM  and  the  UNIBUS  transmission  time. 

Table  3.  summarizes  some  of  the  important  control  signals 
which  must  be  generated  in  the  various  modes.  This  table 
serves  to  specify  the  design  of  the  actual  logic.  For  example, 
the  signal,  TDA,  a modified  version  of  Data  Available  shown 
in  Fig.  1?.  strobing  the  Read  Register  is  implemented  in  Fig. 

20.  The  signal  RC6  refers  to  the  CSR  register  set  by  the 
UNIBUS,  specifically  bit  6.  When  set,  this  bit  specifies  the 
Fast  Read  submode.  Thus  when  in  retrace  or  in  Fast  Read,  DA 
strobes  the  Read  Register;  but  when  in  Active  Line,  the  K clock, 
as  specified  in  Table  3,  is  the  strobe. 

It  can  be  verified  that  the  implementation  of  the  clock  to 
the  SSYN  F/F  of  Fig.  20.  is  exactly  in  agreement  with  the 
requirements  of  Table  3«  Similiarly,  Fig.  21.  shows  how 
RIN,  the  trigger  to  the  RP  pulse  generation  circuit  in  the 
Slave  Mode,  is  implemented  — again  in  agreement  with  the 
requirements  of  Table  3*  The  trigger  circuitry  for  the 
Master  Mode  is  also  shown  for  completeness. 

At  the  top  of  Fig.  21.  the  Retrace  F/F  is  shown.  This  F/F 
follows  GUNBLK , which  comes  from  the  synchronization  circuitry 
which  times  the  TV  Camera  and  Monitor.  However,  Retrace  does 
not  always  immediately  follow  GUNBLK  or  GUNBLK  but  waits  to  com- 
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TABLE  3 

SIGNALS  REQUIRED  TO  BE  GENERATED  IN  VARIOUS  MODES 


Mode 

Generate  RP 

Clock  the 

Generate  SSYN 

to  trigger 
memory 

Read  Register 

Signal  for  UNIBUS 

Active  Line 

1.1  Writing 

CCLK 

SLV 

1 . 2 Reading 

CCLK 

K clock 

KCLK*SLVBSY 

Retrace 

2.1  Writing 

DEVADD.MB'SS^N 

RP 

2 . 2 Reading 

devadd.mb*ssyn 

DA 

DA 

Fast  Read 

3.1  

3 . 2 Reading 

DEV ADD  *MB*SSYN 

DA 

RP 
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plete  a transaction  before  changing  from  retrace  to  retrace,  or 
vice  versa.  Note  that  bit  8 of  the  CSR,  designated  RC8,  can 
hold  the  F/F  in  a "forced  retrace"  position.  This  is  useful, 
as  mentioned  above,  when  refreshing  the  monitor  is  not  of  im- 
portance compared  to  speeding  up  the  UNIBUS  reading  and  writing 
of  the  FSM.  During  the  forced  retrace,  the  FSM  is  reserved  ex- 
clusively for  UNIBUS  transactions. 

4.5  Control  and  Status  Register 

Reference  has  been  made  to  the  CSR  and  to  the  use  of  its  bits 
to  set  up  modes  and  submodes  of  the  FSM  BIC.  This  information 
is  summarized  here.  The  CSR  bits  are  employed  as  shown  in 
the  following  diagram? 


CSR  Register 


Bit  0 (called  RCO  in  the  logic  diagrams)  places  the  BIC  in 
the  Master  Mode.  The  BIC  can  reset  it  after  acquiring  a field 
from  the  camera.  Bits  3.2,  and  1 designate  the  stripe  of  the 
field  now  being  worked  on.  Read  and  Write  refer  to  the  ability 
of  the  PDP-11  to  address  this  FSM  for  purposes  of  stealing  a cy- 
cle to  read  or  write.  If  both  bits  are  set,  the  PDP-11  can  do 
either.  It  is  possible,  however,  that  there  are  two  FSM's  and 
the  computer  or  microprocessor  may  be  reading  from  one  and 
writing  to  the  other  when  they  are  both  in  the  Slave  Mode. 

As  explained  earlier,  however,  in  lower  order  addressing  with 
the  PDP-11,  to  do  a write  to  one  FSM  requires  both  Bits  4 and  5 
to  be  set  and  the  other  FSM  CSR  Bits  4 and  5 to  be  clear.  Fast 
Read  and  Forced  Retrace  have  been  discussed.  Earlier  it  was 
mentioned  that  the  Error  Bit  is  set  when  in  the  Master  Mode , no 
response  is  obtained  within  3°°>usec. 
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SECTION  V 


MICROPROCESSOR  BUS  INTERFACE  CARD 

In  order  for  the  microprocessor  to  carry  out  its  DCT/DPCM  compu- 
tations. it  must  have  its  input  FIFO  filled  and  its  output  FIFO 
emptied.  Thus  the  total  burden  of  input/output  is  taken  from 
the  microprocessor  and  assigned  to  the  Microprocessor  Bus  Inter- 
face Card  (MP  BIC).  This  card  interfaces  to  the  UNIBUS  and  not 
only  handles  all  input/output  for  the  microprocessor  but  also 
gives  access  to  the  internal  registers  of  the  microprocessor  to 
the  PDP-11  computer.  Thus  the  computer  can  load  the  micropro- 
gram of  the  microprocessor*  can  force  it  to  a starting  address, 
can  read  the  contents  of  various  registers,  can  one-step  the 
microprocessor,  etc. 

Because  of  the  use  of  the  64-word  First- In,  First-Out  memories 
at  both  input  and  output,  the  basic  task  of  the  MP  BIC  is  to 
keep  the  input  buffer  filled  and  the  output  buffer  emptied. 

As  Bus  Master,  for  example,  the  MP  BIC  can  access  16  pixel 
pairs  from  the  FSM  during  active  line  time.  During  horizontal 
retrace  it  can  output  16  pixel  pairs  back  to  the  FSM.  Because 
of  the  short  duration  of  a TV  line  (63.5  psec)  the  MP  BIC  makes 
the  highest  level  request  to  use  the  UNIBUS  — the  Non-Processor 
Request  (NPR) . After  a field  (actually  a stripe  32  pixels  in 
width)  has  been  processed,  the  BIC  interrupts  the  PDP-11  com- 
puter at  vertical  retrace  time.  This  permits  the  operator  to 
halt  operations  if  he  desires  to  do  so  or  to  change  the  mode  of 
operation. 

5.1  System  Modes 

There  are  two  configurations  of  the  system  and  the  BIC  must  be 
able  to  handle  either.  Configuration  1 has  but  a single  micro- 
processor, while  Configuration  2 uses  two.  These  were  discussed 
in  an  earlier  section.  Fig.  22.  from  that  section  lists  pertinent 
information  relative  to  inputs  and  outputs.  This  data  can  be 
summarized  as  in  Fig.  23.  It  shows  that  the  BIC  must  act  as 
both  Master  and  Slave  and  must  be  able  to  transfer  blocks  of 
16  or  32  words  to  and  from  a variety  of  other  units. 
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Acting  as  Bus  Master 

Input : 

16  words  from  camera  bIC 
16  words  from  FSM  BIC 
32  words  from  core  memory 

Output  t 

16  words  to  FSM 

32  words  to  2nd  microprocessor 

32  words  to  core  memory 


Acting  as  Bus  Slave 

Input » 

32  words  from  1st  microprocessor 


4 

Figure  23«  Microprocessor  BIC  I/O 
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Consider  Mode  2a  from  Fie:.  22.  The  BIC  must,  upon  receiving 
the  Gate  Enable  signal  from  the  TV  camera  BIC,  transfer  16 
16-bit  words  from  the  TV  BIC  to  the  Input  FIFO  of  the  MP. 

This  transfer  must  take  place  during  the  52.2  ;isec  of  active 
line  time.  This  must  be  done  for  every  line  while  the  stripe 
is  being  processed.  At  the  same  time  (actually  during  the 
same  52.2  ^isec  but  after  completion  of  inputting  16  words)  the 
BIC  must  output  32  coefficients  to  the  second  microprocessor. 
Thus  there  are  48  UNIBUS  transfers  during  active  line  time. 

Consider  Mode  2b  of  the  BIC  from  Fig.  22.  This  is  one  corres- 
ponding to  that  of  the  second  microprocessor,  which  is  perform- 
ing the  inverse  transforms.  Because  the  first  microprocessor 
acts  as  Master  and  fills  the  Input  FIFO  of  the  second  micro- 
processor, the  latter  must  take  responsibility  only  for  out- 
putting  16  words  to  the  FSM.  It  does  this  during  the  11.3  usee 
of  horizontal  retrace. 

It  is  clear  that  there  is  a delay  from  the  camera  to  the  1st 
MP,  from  the  1st  to  the  2nd  MP,  and  from  the  2nd  MP  to  the  FSM. 
At  vertical  retrace  time,  there  is  still  some  data  in  the  pipe- 
line. The  microprocessors  have  been  designed  so  that  they 
continue  to  compute  as  long  as  there  is  data  in  the  Input  FIFO. 
When  there  is  no  data,  they  stop  computing  until  there  is  data 
available.  Thus,  although  vertical  retrace  has  occurred,  the 
MP's  continue  to  compute  until  all  data  is  passed  through  the 
system.  This  might  be  referred  to  as  a "fall- through"  method 
of  processing  the  data. 

Upon  completion  of  processing  a stripe,  the  microprocessors 
interrupt  the  computer  so  that  it  might  decide  what  is  to  be 
done  next.  Typically  the  PDP-11  will  simply  update  the  stripe 
information  so  that  the  processing  will  move  on  to  the  next 
stripe  to  the  right  of  the  one  just  processed.  The  PDP-11  can, 
however,  suspend  the  operations  or  call  for  a different  type 
of  processing. 
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6.2  Functional  Description 

The  MICROPROCESSOR  BUS  INTERFACE  CARD  (MP  BIC)  block  diagram  is 
shown  in  Figure  24.  The  five  major  areas  of  the  MP  BIC  are 
the  UNIBUS  Driver/Receivers,  the  Microprocessor  Driver/Receivers, 
the  Control  Logic,  the  UNIBUS  Addressing  Logic,  and  the  Micro- 
processor Addressing  Logic. 

6.2.1  UNIBUS  Driver/Receiver 

The  UNIBUS  Driver/Receivers  provide  the  communication  paths  to 
and  from  the  PDP-11  UNIBUS.  Implemented  with  AMP26S10's  quad 
bus  transceivers  with  open  collector  outputs,  they  allow  the 
MP  BIC  to  send  and  receive  the  UNIBUS  address,  data,  and  control 
signals. 

The  UNIBUS  has  18  address  signal  lines  (A17-A00)  which  allow 
addressing  up  to  256K  bytes.  However,  since  the  MP  BIC  performs 
only  full  word  (2  byxes)  transfers,  the  least  significant 
address  bit  (A00)  is  not  implemented. 

A UNIBUS  data  word  is  l6  bits  in  length.  In  addition  to  handling 
normal  data  words  to  and  from  the  UNIBUS  these  driver/receivers 
provide  the  MP  BIC  with  a path  for  an  interrupt  vector  which  is 
sent  to  the  CPU.  This  interrupt  vector  is  9 bits  wide  (D08-00) 
and  identifies  the  source  of  interrupt.  The  MP  BIC  is  assigned 
interrupt  vectors  170g  and  270g. 

Also  transfered  via  these  driver/receivers  is  a status  bit  gene- 
rated by  the  MP  BIC  which  is  supplied  with  the  microprocessor 
status.  This  status  bit  indicates  when  the  output  FIFO  of  the 
microprocessor  I/O  board  is  empty. 
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5.2.2  Microprocessor  Driver/Receivers 

The  microprocessor  driver/receiver  provide  the  communication 
paths  to  and  from  the  microprocessor  (MP).  There  are  four 
address  signals  which  select  registers  and  functions  within  the 
MP.  This  allows  for  32  individual  addresses;  16  for  sending 
data  to  the  MP  and  l6  for  fetching  data  from  the  MP.  These 
addresses  are  identified  in  Table  4.  Refer  to  Section  6 for 
a detailed  description  of  these  registers. 

The  MP  data  signals  consist  of  16  bidirectional  lines  used  to 
exchange  data  between  the  MP  BIC  and  the  MP.  In  most  cases 
this  is  the  same  data  which  is  received  from  or  sent  to  the 
UNIBUS.  There  are  five  control  signals  v?hich  are  sent  from  the 
MP  BIC  to  the  MP  and  two  signals  which  are  sent  back  from  the 
MP.  The  five  signals  sent  by  the  MP  BIC  ares 

1.  INIT  (Initiate)  which  is  sent  over  the  UNIBUS  and  causes 
a master  reset  of  the  MP. 

2.  SIIF  (Shift  In  Input  FIFO)  which  causes  the  input  FIFO 
of  the  MP  to  shift  in  data  from  the  MP  BIC. 

3-  SOOF  (Shift  Out  Output  FIFO)  which  causes  the  output  F 
FIFO  of  the  MP  to  shift  out  data  to  the  MP  BIC. 

4.  DAT AMP  (Data  to  the  MP)  which  controls  the  direction  of 
the  MP  data  signals. 

5.  SSTB  (Slave  Strobe)  which  strobes  data  into  the  MP 
when  the  MP  BIC  is  receiving  data  in  the  slave  mode. 

The  two  signals  sent  by  the  MP  consist  of  IFIR  (Input  FIFO  input 
ready)  and  OFOR  (Output  FIFO  output  ready)  which  inform  the 
MP  BIC  when  data  can  be  sent  to  or  received  from  the  MP, 
respectively. 

5.2.3  Control  Logic 

The  control  logic  of  the  MP  BIC  supervises  the  transmission  of 
data  between  the  UNIBUS  and  the  MP.  A block  diagram  is  shown 
in  Figure  25*  This  control  logic  can  be  divided  into  two  major 
groups:  The  slave  mode  logic  and  the  master  mode  logic. 
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TABLE  4 


MICROPROCESSOR  ADDRESSABLE  REGISTERS 


ADDRESS  DESCRIPTION  j 

MSB  LSB 

DATA  TO  MP  (WRITE) 

DATA  FROM  MP  (READ)  ' 

0 

0 

0 

0 

RESET  ^ 

DATA  REGISTER 

0 

0 

0 

1 

HALT  ^ 

1 

0 

0 

1 

0 

Scratch  Pad  Register 

0 

0 

1 

1 

0 

1 

0 

0 

A 

Destination  Address  Reg. 

0 

1 

0 

1 

Source  Address  Reg. 

0 

1 

1 

0 

0 

1 

1 

1 

Input  FIFO 

Output  FIFO 

1 

0 

0 

0 

START  ^ 

1 

0 

0 

1 

Control  Status  Reg. 

Control  Status  Reg.^ 

1 

0 

1 

0 

i 

0 

1 

1 

Breakpoint  Reg. 

1 

1 

0 

0 

Address  Counter 

Address  Counter 

i 

1 

— 

0 

- 

1 

Control  Store  1 
(Bits  15-0) 

Control  Store  1 
(Bits  15-0) 

• 

1 

1 

0 

Control  Store  2 
(Bits  31-16) 

Control  Store  2 
(Bits  31-16) 

l 

1 

1 

1 

Control  Store  3 
(Bits  47-32) 

Control  Store  3 
(Bits  47-32) 

A Addressing  of  these  locations  executes  the  function 
specified.  They  are  not  registers. 

A Located  on  the  MP  BIC. 

A Some  Status  Bits  are  located  on  the  MP  BIC. 


The  slave  mode  logic  allows  the  MP  BIC  to  receive  data  from  a 
master  device  via  the  UNIBUS  or  to  transmit  the  contents  of  MP 
register  over  the  UNIBUS.  This  logic  includes  the  Address 
Decoder  and  the  Slave  Bus  Control.  The  Address  Decoder  receives 
the  address  from  the  UNIBUS  and  compares  the  13  MSB  with  its 
own  address.  If  they  are  the  same  the  MP  BIC  has  been  selected 
and  so  enables  the  Slave  Bus  Control.  The  Slave  Bus  Control 
then  causes  the  MP  BIC  to  function  as  a UNIBUS  slave  and  provides 
the  appropriate  signals  required  for  data  transfer.  When  recei- 
ving data  DATAMP  is  high  and  a slave  strobe  signal  is  generated 
which  is  used  by  the  MP  BIC  and  the  MP  to  clock  data  into  one 
of  l6  individual  registers  specified  by  bits  A04-A01  of  the 
UNIBUS  address.  (See  Table  4)  When  reading  out  of  the  MP  to 
the  UNIBUS  DATAMP  is  in  the  low  state. 

The  master  mode  logic  allows  the  MP  BIC  to  request  the  UNIBUS, 
to  control  it  as  a master,  and  to  transfer  data  to  slave  devices 
as  required  by  the  MP.  This  logic  consists  of  Request  Control, 
NPR/NPG  Logic,  Master  Bus  Control,  Interrupt  Logic,  and  BR/BG 
Logic.  Using  the  contents  of  the  address  registers  for  control 
and  the  TV  sync  signals  for  timing,  the  Request  Control  will 
activate  the  NPR/NPG  Logic  to  gain  access  to  the  UNIBUS.  When 
the  bus  is  granted  to  the  MP  BIC  the  Master  Bus  Control  will  be 
enabled  to  allow  the  MP  BIC  to  operate  as  a master  device.  The 
Master  Bus  Control  provides  the  appropriate  signals  to  the 
UNIBUS  and  FIFO's  for  data  transfer  between  the  UNIBUS  and  the 
MP.  When  the  transfer  is  complete,  the  Request  Control  will 
remove  the  request  signal  and  the  MP  BIC  will  relinquish 
control  of  the  bus. 

When  an  entire  stripe  of  a TV  field  has  been  processed,  the 
Interrupt  logic  will  generate  an  interrupt  request  to  the  BR/BG 
Logic  which  in  turn,  will  request  the  UNIBUS.  After  the  bus  has 
been  granted  to  the  MP  BIC,  the  Interrupt  Logic  places  the 
interrupt  vector  on  the  UNIBUS  data  lines  and  activates  the 
interrupt  signal  to  the  PDP-11,  indicating  completion  of  the 
processing. 


5.2.4  UNIBUS  Addressing  Logic 

In  the  master  mode  the  MP  BIC  provides  source  addresses  for 
UNIBUS  Data-In  operations  (fetch)  and  destination  addresses  for 
Data-Out  operations  (stores).  These  addresses  are  generated  by 
the  UNIBUS  Addressing  Logic  which  includes  Source  and  Destina- 
tion Address  Registers,  Source  and  Destination  Address  Counters, 
Address  Mux,  and  Corner  Turning  Mux.  The  block  diagram  is 
shewn  in  Figure  26. 

Data  contained  in  the  Source  and  Destination  Address  Registers 
(SAR  and  DAR , respectively)  is  used  by  the  MP  BIC  for  both 
UNIBUS  Addressing  and  Control  Logic  operation.  These  registers 
sire  addressed  and  loaded  via  the  UNIBUS  and  occupy  two  of  the 
16  write  addresses  assigned  to  the  MP.  (See  Table  4) 

The  format  for  the  16  bit  SAR  is  shown  in  Figure  27.  Bits  15-11 
are  used  for  control  while  bits  7-1  provide  addresses. 

FSM:  When  set  (true)  this  bit  causes  the  Control  Logic 

to  fetch  data  from  the  Frame  Store  Memory. 

CORE:  When  set  this  bit  causes  the  Control  Logic  to  fetch 

data  from  core  memory. 

CAM:  When  set  this  bit  causes  the  Control  Logic  to  fetch 

data  from  the  camera. 

ALT:  When  set  this  bit  causes  the  Control  Logic  to  fetch 

data  during  alternate  TV  lines.  This  is  typically 
used  only  in  Configuration  1. 

CT:  When  set  this  bit  selects  the  Corner  Turning  Mux 

so  that  the  source  address  bits  are  arranged  for 
Corner  Turning  Addressing  of  the  core  memory  to 
fetch  "vertically". 

ADDRESS:  These  bits  are  used  to  form  part  of  the  UNIBUS 
address  when  fetching. 
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26.  UNIBUS  Addressing 


The  format  for  the  l6  bit  DAR  is  shown  in  Figure  28.  Bits  15. 
14,  12  and  11  are  used  for  control  and  bits  7-1  for  addressing. 

FSM:  When  set  this  bit  causes  the  Control  Logic  to  store 

data  to  the  Frame  Store  Memory. 

CORE:  When  set  this  bit  causes  the  Control  Logic  to  store 

data  to  the  core  memory. 

MP:  When  set  this  bit  causes  the  Control  Logic  to  store 

data  to  the  second  microprocessor  in  a system  with 
two  microprocessors. 

CT:  When  set  this  bit  selects  the  Corner  Turning  Mux 

so  that  the  destination  address  bits  are  arranged 
for  core  memory  Corner  Turning  in  two-dimensional 
processing. 

ADDRESS:  These  bits  are  used  to  form  part  of  the  UNIBUS  ad 
address  when  storing. 

The  use  of  the  SAR/DAR  words  is  illustrated  by  means  of  Fig. 

29.  The  first  line,  for  example,  shows  that  the  source  of 
data  will  be  FSDll  and  that,  depending  upon  whether  there  is  one 
microprocessor  or  two  in  the  system  (bit  12  of  the  SAR)  16 
pixel  pairs  will  be  accessed  every  other  line  time  or  every  line. 


The  Source  and  Destination  Counters  (SAC  and  DAC,  respectively) 
are  13-bit  counters  which  form  the  least  significant  portion 
of  the  UNIBUS  address  when  transfering  data  to  or  from  the  Frame 
Store  Memory  or  core  memory. 

The  Address  Mux  is  a 17  Lit  wide  multiplexer  which  selects  the 
proper  bits  for  the  UNIBUS  address.  The  bits  and  the  conditions 
which  select  them  are  shown  in  Table  5* 

The  Corner  Turning  Mux  is  a 10  bit  wide  multiplexer  which  con- 
trols the  10  least  significant  output  bits  of  the  Address  Mux 
(AM10-AM01)  in  order  to  provide  the  corner  turning  feature. 

This  is  selected  by  bit  11  of  the  SAR  when  fetching  and  by  bit 
11  of  the  DAR  when  storing. 
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A 


0 = no  corner  turning 
- 1 = corner  turning 

4 0=  system  modes  2 or  3 
- \ 1=  system  mode  1 


Fig.  29.  Specific  SAR/DAR  Words 
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When  the  corner  turning  bit  is  not  set  (false)  the  output  of 
the  Address  Mux  is  passed,  unaltered,  to  the  UNIBUS.  When  the 
bit  is  set  the  five  least  significant  bits  of  the  Address  Mux 
(AMO 5-01)  are  interchanged  with  the  next  five  bits  (AM10-AM06). 

5.2.5  Microprocessor  Addressing  Logic 

The  Microprocessor  Addressing  Logic  is  a 4 bit  wide  multiplexer 
which  selects  the  address  bits  that  go  to  the  MP.  When  the 
MP  BIC  is  in  the  master  mode  the  Mux  always  addresses  the 
MP  FIFO's  (code  0111  in  Table  4).  If  the  MP  BIC  is  not  in 

the  master  mode,  the  UNIBUS  address  bits  A04-A01  are  passed 
unaltered  to  the  MP. 

The  significance  of  the  above  can  be  seen  from  an  examination 
of  Table  4,  which  relates  the  least  significant  four  bits 
of  the  address  to  the  appropriate  register  within  the  Micropro- 
cessor or  to  the  function  which  is  triggered  when  this  address 
is  decoded  by  the  MP  BIC.  When  the  MP  BIC  is  in  the  master 
mode,  it  must  itself  control  the  MP.  It  does  its  fetching  and 
storing  of  data  from  or  to  the  Output  FIFO  or  Input  FIFO.  Both 
are  given  the  same  address,  0111,  but  there  is  no  confusion  be- 
cause the  direction  of  data  flow  (Read  or  Write)  makes  clear 
which  one  is  to  be  used. 

In  the  slave  mode,  the  BIC  simply  passes  through  to  the  MP  the 
four  least  significant  bits  from  the  UNIEUS  address.  When  the 
computer  is  addressing  the  MP,  for  example,  it  may  be  writing 
into  or  reading  from  the  Control  & Status  Register  (code  1001) \ 
or  it  can  write  to  the  Destination  Address  Register,  Source 
Address  Register,  Breakpoint  Register,  Address  Counter,  Control 
Store  word  1,  2,  or  3.  etc.  Similarly  the  computer  can  read 
most  of  these  registers. 

When  the  computer  "writes"  to  address  0000  or  0001,  it  really 
is  not  writing  data  to  a register.  Instead,  when  the  BIC  de- 
codes 0000  during  a write,  it  carries  out  a reset.  When  it 
decodes  a 0001,  it  halts  the  MP. 
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5.3  Operation 

The  MP  BIC  can  operate  as  either  a UNIBUS  Master  or  Slave.  A 
single  microprocessor's  Bus  Interface  Card  acts  as  a Master  both 
for  data  input  and  data  output.  If  there  is  also  a second  MP 
(Configuration  2)  it  acts  as  a Slave  for  receiving  data  from  the 
first  MP  and  as  a Master  for  data  output  to  the  FSM.  When  it 
is  not  acting  as  Bus  Master,  a MP  BIC  can  be  addressed  as  a Slave 
device  and  be  given  commands  by  the  PDP-11  computer.  At  this 
time  its  registers  can  be  loaded  or  read  out,  and  its  operations 
controlled  with  respect  to  start,  stop,  etc. 

5.3.1  Slave  Mode 

In  the  Slave  mode  the  MP  registers  can  be  either  written  into 
or  read  from  by  the  CPU.  The  receipt  of  MSYN  and  C^= 1 (which 
indicates  Data  output  from  the  Master)  causes  the  BIC  to  strobe 
UNIBUS  data  into  the  register  specified  by  UNIBUS  address  bits 
A04-A01  (see  Table  4).  The  strobe,  SSTB,  goes  true  after  MSYN 
is  received  and  remains  true  until  the  BIC  sends  SSYN  to  the 
bus  and  causes  MSYN  to  drop. 

If  MSYN  is  received  and  C^=0  (Data  In  to  the  Master),  the  BIC 
enables  the  contents  of  the  register  specified  by  address  bits 
A04-01  onto  the  bus  and  sends  SSYN  to  the  requesting  device. 

This  data  remains  on  the  bus  until  MSYN  is  dropped. 

As  a master  device  the  PDP-11  Computer  can  read  the  output  FIFO 
of  the  microprocessor  or  can  write  into  the  input  FIFO.  In  a 
two  microprocessor  system  the  first  MP  can  send  data  to  the 
second  MP's  input  FIFO.  Hence  the  MP  BIC  must  be  able  to  respond 
as  a Slave  to  a Master  device's  writing  to  FIFO  or  reading  from 
FIFO.  It  does  so  by  generating  a signal  to  "shift  in"  to  the 
Input  FIFO  or  "shift  out"  of  the  Output  FIFO,  as  appropriate. 
These  "shift"  signals  are  generated  by  the  MP  BIC  upon  receipt 
of  MSYN  from  the  Master  device. 
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5.3.2  Master  Mode 

The  MP  BIC  acts  as  a Master  device  for  data  input  and  output 
based  upon  control  information  passed  to  it  by  the  computer. 

The  PDP-11  can  control  the  operation  of  the  BIC  by  loading  the 
Source  Address  Register  (SAR)  for  data  input  and  the  Destination 
Address  Register  (DAR)  for  data  output  (refer  to  Figures  27  to 
29) . The  conditions  which  determine  when  the  BIC  will  perform 
as  a Master  include  TV  sync  signals,  UNIBUS  accessibility,  and 
data  availability. 

In  the  Master  mode,  the  MP  BIC  has  three  states;  fetch,  store, 
and  wait. 

FETCH:  In  this  state  the  MP  BIC  requests  the  bus  so  that 

it  may  fetch  data  from  the  source  device  specified 
in  the  SAR.  When  control  is  granted,  the  BIC 
fetches  either  l6  or  32  words  and  shifts  it  into 
the  input  FIFO  of  the  MP. 

STORE:  In  this  state  the  MP  BIC  requests  the  bus  so  that 

it  may  store  data  to  the  destination  device 
specified  in  the  DAR.  When  control  is  granted,  the 
BIC  shifts  data  out  of  the  MP  output  FIFO  as 
required  and  stores  the  data  via  the  UNIBUS. 

WAIT:  If  the  MP  BIC  is  not  required  to  fetch  data  (fetch 

state)  or  to  store  data  (store  state)  then  no 
UNIBUS  requests  are  made  and  the  MP  BIC  remains 
in  the  wait  state. 

The  MP  BIC  is  designed  to  operate  in  three  system  modes.  These 
modes  (one  MP  or  two  MP’s  performing  a 1-Dimensional  DCT  followed 
by  DPCM  or  one  MP  doing  a 2-Dimensional  DCT)  were  discussed  in 
Section  5*1*  The  following  information  describes  the  operation 
of  the  MP  BIC  in  each  of  these  modes. 


System  Mode  1 

In  this  mode  data  is  fetched  from  the  FSM,  processed  by  the  MP, 
(which  performs  both  forward  and  inverse  transforms)  and  finally 
stored  once  again  in  the  FSM.  Bit  15  "SFSM",  of  the  SAR  is  true 
indicating  that  the  source  of  data  is  the  FSM.  This  condition 
enables  the  Fetch  Request  Sync  Logic  (Figure  30)  by  forcing 
CLREQ2  high.  This  allows  the  first  active  TV  line  (ACTIVE) 
during  vertical  drive  (VRTDR)  to  force  REQ2  low.  This  synchro- 
nizes the  start  of  fetching  to  the  top  of  a field  and  causes 
the  MP  BIC  to  enter  the  master  mode  as  shown  in  Figure  31* 

In  addition,  at  the  end  of  the  first  active  line  time  ALT  is 
forced  true  by  the  leading  edge  of  BLANK  (refer  to  Figure  32) . 
REQ12,  from  sync  logic,  is  anded  with  bit  12  (SALT)  of  the  SAR 
and  ALT  which  forces  REQA  high  allowing  SREQA  to  go  true  at  the 
start  of  the  next  active  line  (ACTIVE)  putting  the  BIC  in  the 
fet^h  state.  This  causes  the  MP  BIC  to  request  the  bus  via  its 
NPR/NPG  logic  which  was  discussed  in  Section  5-2  (refer  to 
Figure  23)  • When  control  is  granted  the  BIC  becomes  UNIBUS 
Master  and  places  address  and  control  on  the  bus  and  rasies 
MSYN  which  causes  EOT  of  the  Master  Bus  Control  to  go  false. 

When  SSYN  is  received  the  data  is  shifted  into  the  input  FIFO 
and  MSYN  is  dropped  causing  EOT  to  go  true  which  indicates  the 
end  of  transfer.  EOT,  in  turn,  increments  the  Source  Address 
Counter  (SAC).  (SAC  is  a 12  bit  counter  which  is  set  to  zero 
whenever  SAR  is  loaded  and  is  used  to  supply  the  least  signifi- 
cant address  bits  when  addressing  FSM. ) 

After  the  15th  fetch,  SAC  raises  SCT16  (Figure  32)  which  is 
anded  with  SCORE  (fetch  from  core,  not).  Therefore,  when  EOT 

xv  __________ 

goes  low  at  the  beginning  of  the  16  fetch  it  forces  STREM 
low.  At  the  end  of  the  1 6th  fetch,  EOT  cause  CLREQA  to  go  low 
which  forces  SREQA  low.  This  removes  the  request  from  the 
NPR/NPG  logic  and  the  BIC  relinguishes  control  of  the  bus  and 
goes  to  the  wait  state. 
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Figure  30*  Fetch  Request  Sync  Logic 


The  MP  BIG  is  in  the  fetch  state  for  approximately  10  jus  and 
then  in  the  wait  state  for  the  remainder  of  the  active  line  time. 
At  the  end  of  the  active  line  time,  which  is  the  same  as  the 
beginning  of  horizontal  blanking,  the  BIC  will  go  to  the  store 
state  if  there  is  any  data  in  the  output  FIFO.  If  not,  the  BIC 
will  remain  in  the  wait  state.  The  purpose  of  this  design  fea- 
ture is  to  prevent  a bus  request  from  occurring  each  time  a word 
is  shifted  into  the  output  FIFO  by  the  MP.  Otherwise,  the  latter 
event  would  cause  the  BIC  to  repeatedly  request  the  bus  in  order 
to  transfer  one  word  which  would  cause  excessive  bus  request  and 
grant  overhead. 

As  actually  designed,  data  transfer  will  occur  only  if  data  is 
in  the  output  FIFO  at  the  start  of  horizontal  retrace  and  will 
stop  when  the  FIFO  is  empty.  This  means  that  on  the  average 
the  number  of  stores  per  line  time  will  equal  the  number  of 
fetches  but  there  are  fluctuations. 

The  Store  Request  Logic  for  the  store  state,  is  shown  in  Figure 
33*  The  lower  portion  is  controlled  by  bit  15  (DFSM)  of  the 
Destination  Address  Register  (DAR).  This  bit  causes  the  MP  BIC 
to  store  the  contents  of  the  output  FIFO  to  the  FSM.  This  is 
initiated,  provided  that  the  output  FIFO  is  not  empty  (OFEMPT) , 
with  the  leading  edge  of  BLANK  which  forces  DREQC  high.  This 
also  causes  the  bus  to  be  requested  with  the  NPR/NPG  logic. 

When  control  is  granted  the  BIC  becomes  bus  Master  and  places 
address,  control  and  output  FIFO  data  on  the  bus  and  raises 
MSYN.  After  the  Slave  device  returns  SSYN  the  BIC  increments 
the  Destination  Address  Counter  (DAC)  and  shifts  the  output 
FIFO  so  that  the  next  word  and  its  address  are  ready  for  the 
next  output  operation.  EOT  indicates  the  end  of  transfer,  as 
it  did  in  the  fetch  state.  If  the  active  line  has  occurred 
prior  to  the  end  of  transfer,  EOT  will  raise  CLRC  which  will 
force  CLREQC  low.  Also,  if  the  output  FIFO  becomes  empty, 

OFEMPT  will  force  CLREQC  low.  When  CLREQC  goes  low  it  drops 
DREQC  which  removes  the  request  and  releases  the  bus,  returning 
the  BIC  to  the  wait  state. 


The  leading  edge  of  BLANK,  which  was  discussed  above,  also  forces 
ALT  low  which  inhibits  SREQA  from  going  true.  Each  sucessive 
BLANK  will  toggle  ALT  and  permit  the  BIC  to  enter  the  fetch  state 
only  on  alternate  lines.  The  BIC  will  continue  to  fetch  data 
every  other  line  time  until  vertical  retrace,  at  which  time  VD 
(Figure  3^)  goes  low  and  forces  VRTDR  high. 

As  a result,  OPCOM  goes  high  causing  INTALT  to  go  high  because 
INTREQ  was  initially  high.  INTREQ  remains  at  zero  since  INTALT  and 
SALT  were  low  prior  to  OPCOM  going  high.  This  allows  the  BIC 
to  continue  to  fetch  and  store  for  a second  field  time.  At  the 
end  of  this  second  field,  however,  VD  goes  low  and  OPCOM  goes 
high  which  causes  the  INTALT  high  condition  to  be  clocked  which 
forces  INTREQ  high. 

The  latter  indicates  that  all  the  fetching  is  complete  and  causes 
a bus  request  via  the  BR/BG  logic  (Figure  25)  so  that  the  PDP-11 
can  be  interrupted.  When  the  interrupt  is  acknowledged,  RESET 
goes  low  which  causes  INTREQ  to  go  low,  thus  removing  the  inter- 
rupt request.  INTREQ  going  high  also  clears  the  SAR  which 
removes  SFSM  from  the  sync  logic  (Figure  30)  inhibiting  any 
fetch  request  until  the  SAR  is  reloaded. 

At  this  point,  all  the  data  has  been  fetched  and  the  TV  sync 
subsystem  indicates  that  the  system  is  in  vertical  retrace. 

However,  there  is  still  data  to  be  stored.  Because  there  is  no 
transition  of  BLANK  to  cause  DREQC  to  go  high  (Figure  33) 
this  is  accomplished  with  DUMPOF  which  forces  DREQC  high  whenever 
there  is  any  data  in  the  output  FIFO  (OFEMPT)  during  vertical 
retrace  (VBLK).  This  places  the  BIC  in  the  "store"  state  and 
it  functions  in  the  same  manner  as  previously  described.  The 
BIC  will  be  able  to  store  all  required  data  before  vertical 
retrace  is  complete. 
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System  Mode  2 

In  System  Mode  2 (two  microprocessors)  the  MP  BIC  of  the  first 
MP  fetches  data  from  either  the  camera  or  the  FSM,  processes  it, 
and  stores  it  in  the  second  microprocessor’s  input  FIFO.  The 
second  MP  processes  the  data  (doing  the  inverse  transform)  and 
stores  the  results  (an  image)  in  the  FSM. 

If  the  first  MP  is  fetching  data  from  the  camera  then  bit  13 
(SCAM)  of  the  SAR  causes  REQ1  to  go  low  (Figure  30)  at  the  time 
the  first  GEN  goes  true  from  the  TV  Sync.  This  causes  REQ12  to 
go  high,  and  the  MP  BIC  enters  the  Master  mode.  Bit  12  (SALT) 
of  the  SAR  is  low  for  System  Mode  2 causing  REQ12  to  be  anded 
with  SALT  which  forces  REQA  high.  At  the  start  of  the  next 
active  line,  SREQA  goes  true  and  the  BIC  enters  the  fetch  state 
and  requests  the  bus.  The  BIC  now  functions  within  this  state 
just  as  it  did  for  System  Mode  1 with  the  exception  that  the  SAC 
is  not  used  for  the  UNIBUS  addressing  but  rather  a fixed  address 
is  used  (refer  to  Section  5*2.4).  After  fetching  16  pixel  pairs 
it  returns  to  the  wait  mode. 

If  bit  15  (SFSM)  had  been  set  in  the  SAR  instead  of  bit  13  (SCAM) 
then  16  pixel  pairs  would  have  been  fetched  from  the  FSM.  In 
this  case  the  process  of  entering  the  Master  Mode  and  switching 
between  the  Wait  State  and  the  Fetch  State  would  be  carried  out 
in  an  identical  manner  to  that  of  System  Mode  1.  But  note  that 
in  System  Mode  2 bit  12  (SALT)  of  the  SAR  is  not  set  and,  there- 
fore, REQA  is  not  dependent  upon  ALT.  This  allows  fetching  to 
occur  every  line  time  as  opposed  to  every  other  line  time  for 
System  Mode  1. 

The  processed  data  is  to  be  stored  in  the  second  MP’s  input  FIFO 
and  therefore,  bit  12  (DMP)  of  the  DAR  is  set.  This  forces  REQB 
true  (Figure  33)  which  causes  DREQB  to  go  true  as  soon  as  the 
MP  returns  from  the  Fetch  State  (the  leading  edge  of  SREQ ) . 

The  BIC  enters  the  Store  State  and  data  is  transfered  from  the 
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first  MP's  output  FIFO  to  the  second  MP's  input  FIFO.  These 
store  operations  via  the  UNIBUS  are  the  same  as  for  System  Mode  1 
except  that  the  DAC  does  not  provide  the  addressing.  Instead, 
a fixed  address  is  used  (refer  to  Section  5*2.4).  The  MP  BIC 
returns  to  the  Wait  State  at  the  end  of  a transfer  (EOT)  pro- 
vided that  horizontal  or  vertical  retrace  has  occurred.  This 
causes  CLRB  to  go  high  (refer  to  Figure  33)  . The  BIC  also 
returns  to  the  Wait  State  if  the  output  FIFO  becomes  empty 
(OFEMPT).  Either  of  these  conditions  cause  CLREQB  to  go  low, 
forcing  DREQB  low,  thus  removing  the  request  for  the  bus. 

These  fetch  and  store  operations  continue  until  vertical  retrace 
occurs  (VD  goes  low)  forcing  VRTDR  and  OPCOM  high  (Figure  34) 
Unlike  System  Mode  1 , SALT  is  true  and  the  leading  edge  of  the 
first  OPCOM  forces  INTREQ  to  go  true,  thus  terminating  the 
operation  at  the  end  of  each  field.  The  interrupt  process, 
clearing  of  SAR , and  storing  the  remainder  of  the  data,  is  done 
just  as  for  System  Mode  1. 


The  second  MP  receives  the  data  as  a Slave  device  and  hence  does 
not  have  to  enter  a Fetch  State.  This  is  controlled  by  zeroing 
bit  15  ( SFSM) , bit  l4  (SCORE),  and  bit  13  (SCAM)  of  the  SAR, 
thus  inhibiting  REQ12  of  the  Fetch  Request  Sync  Logic  (Figure  30) 
from  ever  going  true.  Outputting  of  data  from  the  second  MP 
to  the  FSM  is  handled  in  the  same  manner  as  that  described  for 
System  Mode  1. 


SECTION  VI 


MODEL  1240  MICROPROCESSOR 

Built  up  from  three  Am  2901  4-hit  slice  Schottky  TTL  micro- 
processor chips,  the  Model  1240  is  a very  high-performance 
processor  which  is  ideally  suited  for  signal  processing  appli- 
cations. A block  diagram  of  the  Am  2901  chip  is  shown  in 
Figure  35  and  that  of  the  Model  1240  in  Figure  36.  From 
Figure  35  it  can  be  seen  that  the  Am  2901' s ALU  accepts  two 
inputs,  both  of  which  can  come  from  a dual  port  RAM  in  which 
there  are  l6  general  registers.  Each  microinstruction  combines 
arithmetically  or  logically  two  operands  and  places  the  result, 
unshifted  or  shifted  right  or  left,  back  in  the  second  general 
register.  This  result  can  also  be  put  on  the  data  output  bus. 
Instead  of  taking  both  operands  from  general  registers,  the 
Am  2901  can  accept  one  input  from  the  Direct  Data  bus.  System 
cycle  times  as  short  as  150  ns  are  possible  with  the  Am  2901. 

In  the  Model  1240,  pipeline  architecture  implemented  with 
Schottky  TTL  circuit  provides  very  fast  processing.  The  Am  2901 
elements  and  other  essential  subsystems,  including  scratch  pad 
memory  and  asynchronous  multiplier,  have  been  carefully  organized 
to  produce  a system  structure  that  can  be  programmed  using  a 
high  degree  of  pipelining.  Propagation  delays  through  the 
various  system  elements  are  matched  using  data  latches  where 
necessary  and  numerous  data  paths  are  available  so  that  parallel 
transfers  are  possible. 

To  realize  the  full  potential  of  this  pipeline  architecture 
programs  are  typically  -;oded  entirely  in  microcode  using  straight 
line  programming.  Using  this  method  a maximum  number  of  parallel 
operations  can  occur  and  the  inefficiencies  attributable  to  a 
hierarchy  of  code,  and  resultant  program  branches,  are  eliminated. 

The  microprocessor  (MP)  is  designed  so  that  it  can  be  conveniently 
interfaced  to  a host  computer  as  a peripheral  device.  A special 
Bus  Interface  Card  (BIC)  provides  the  proper  format  and  protocol 
required  by  the  host  computer. 
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Am2901 

Four-Bit  Bipolar  Microprocessor  Slice 


Distinctive  Characteristics 

• 16-word  x 4-bit  two-port  RAM. 

• High  speed  ALU. 

• 9-bit  microinstruction  word. 

• Advanced  low-power  Schottky  processing. 

• Four-bit  slice  cascadable  to  any  number  of  bits 
with  full  carry  look-ahead. 

• Three-state  outputs. 

• Shift  left,  no  shift,  or  shift  right  entry  into 
RAM  from  ALU. 

• Output  multiplexer  for  direct  RAM  A-port  ac- 
cess or  ALU  output. 

• Status  flags  include  carry-out,  sign-bit  (negative), 
overflow  and  zero  detect. 

• Four-bit  Q-register  for  scratch  pad  or  accumu- 
lator extension. 

• Direct  ALU  entry  to  Q-register. 

• Shift  Q-register  left  or  right. 

• RAM-shift  and  Q-shift  are  easily  cascadable. 


MICROPROCESSOR  SLICE  BLOCK  DIAGRAM 


JlTlHEXER 

f* 

OUTPUT 


OUTPUT 

CONTROL 


GENERAL  DESCRIPTION 

The  four-bit  bipolar  microprocessor  slice  is  designed  as  a 
high-speed  cascadable  element  intended  tor  use  in  CPU's, 
peripheral  controllers,  programmable  microprocessors  and 
numerous  other  applications.  The  microinstruction  flexibi- 
lity of  the  Am2901  will  allow  efficient  emulation  of  almost 
any  digital  computing  machine. 

The  device,  as  shown  in  the  block  diagram  below,  consists 
of  a 16-word  by  4-bit  two-port  RAM,  a high-speed  ALU, 
and  the  associated  shifting,  decoding  and  multiplexing 
circuitry.  The  nine-bit  microinstruction  word  is  organized 
into  three  groups  of  three  bits  each  and  selects  the  ALU 
source  operands,  the  ALU  function,  and  the  ALU  destina- 
tion register.  The  microprocessor  is  cascadable  with  full 
look-ahead  or  with  ripple  carry,  has  three-state  outputs,  and 
provides  various  status  flag  outputs  from  the  ALU.  Ad 
vanced  low-power  Schottky  processing  is  used  to  fabricate 
this  40-lead  LSI  chip. 


Figure  35*  Am  2901  Block  Diagram 
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6.1  Functional  Description 

The  major  functional  elements  of  the  1240  microprocessor  have 
been  partitioned  onto  individual  Plug- In-Boards  (PIB).  These 


boards 

consist  of: 

1. 

k 

Input/ Output 

r ? 

4 

Control  Mux 

3* 

Function  Control 

4. 

Control  Store 

5. 

Data  Mux 

6. 

Processor 

7. 

Multiplier 

8. 

Quantizer 

The  block  diagram  (Figure  36)  shows  these  boards  and  their 
functional  relationships  in  the  Model  1240  system. 

6.1.1  Input/Output  Board 

The  Input/Output  (I/O)  board  provides  the  means  for  transfering 
and  buffering  data  to  and  from  the  MP,  typically  from  the  host 
computer.  The  microprocessor  then  appears  as  a specialized 
peripheral  to  the  computer.  Figure  37.  is  a block  diagram  of 
the  I/O  Board.  Four  address  lines,  A04-A01,  enter  the  Address 
Receiver  where  they  are  used  to  address  registers  and  to  activate 
functions  within  the  MP.  These  addresses  and  functions  are 
listed  in  Table  6. 

The  Control  Driver/Receiver  sends  two  signals  to  the  interface. 
These  signals,  IFIR  and  0F0R,  indicate  the  input  FIFO  input  or 
the  output  FIFO  output  is  ready,  respectively.  The  following 
control  signals  are  received  by  the  MPi 

1.  INIT  (Initiate)  which  leads  to  a master  reset  of  the  MP. 

2.  SIIF  (Shift  In  Input  FIFO)  which  transfers  data  into  the 
Input  FIFO. 


3.  SOOF  (Shift  Out  Output  FIFO)  which  causes  the  output 
FIFO  to  transfer  data  out. 


Input/Output  Block  Diagram 


TABLE  6 


MICROPROCESSOR  ADDRESSABLE  REGISTERS 


ADDRESS 

DESCRIPTION 

MSB 

LSB 

DATA  TO  MP  (WRITE) 

DATA  FROM  MP  (READ) 

B 

T] 

0 

RESET  ^ 

Data  Register 

0 

0 

B 

HALT  ^ 

0 

0 

B 

0 

Scratch  Pad  Register 

D 

0 

B 

a 

B 

B 

D 

a 

a 

D 

B 

0 

D 

B 

B 

0 

B 

B 

B 

Input  FIFO 

Output  FIFO 

B 

B 

START  ^ 

B 

B 

B 

Control  Status  Reg. 

Control  Status  Reg. 

B 

B 

B 

n 

B 

B 

B 

Breakpoint  Reg. 

B 

B 

B 

Address  Counter 

Address  Counter 

B 

B 

H 

B 

Control  Store  1 
(Bits  15-0) 

Control  Store  1 
(Bits  15-0) 

■ 

B 

B 

0 

Control  Store  2 
(Bits  31-16) 

Control  Store  2 
(Bits  31-16) 

■ 

B 

B 

■ 

Control  Store  3 
(Bits  47-32) 

Control  Store  3 
(Bits  4?-32) 

A Addressing  of  these  locations  executes  the  function 
specified.  They  are  not  registers. 


93 


4.  DATAMP  (Data  to  the  MP)  which  controls  the  direction  of 
the  bidirectional  Data  Driver/Receiver. 

5.  SSTB  (Strobe)  which  strobes  data  into  the  MP  registers. 

The  Data  Driver/Receiver  comprise  a 16-bit  bidirectional  trans- 
ceiver for  transfering  data  to  and  from  the  interface. 

The  input  FIFO  is  a 64  word  X l6-bit  first-in/first-out  storage 
element  which  buffers  the  data  received  from  the  interface. 

This  FIFO  together  with  the  MUXG  provides  either  8-  or  12-bit 
words  for  the  MP  to  process.  If  12-bit  words  are  to  be  processed, 
the  12  least  significant  bits  of  the  FIFO  are  sent  to  the  Data 
Mux  board.  If  8-bit  words  are  to  be  processed,  then  either  the 
left  or  right  half  word  of  the  FIFO  together  with  four  leading 
zeros  are  sent  to  the  Data  Mux  board. 

MUXC  selects  one  of  four  inputs  (refer  to  Table  7)  and  sends 
them  to  the  interface  via  the  Data  Driver/Receiver.  It  can 
select  status  of  the  MP  (refer  to  Section  6.2),  MUXE  from  the 
Control  Mux  board,  MUXD  from  the  Processor  board,  or  the  output 
FIFO. 

The  Output  FIFO  is  a 64  word  X 16  bit  storage  element  which 
buffers  data  from  the  MP.  Data  from  the  Processor  board  (YOUT) 
is  clocked  into  the  F Register  and  then  aligned  through  MUXF. 

When  12-bit  words  are  loaded,  they  are  right  justified  with 
zero  fill.  If  8-bit  words  are  loaded  they  are  loaded  into 
either  the  left  or  right  half  word. 

6.1.2  Control  MUX  Board 

The  Control  MUX  board  provides  16-bit  data  (MUXE)  to  the  MUXC 
of  the  I/O  board.  It  is  a l6-bit  wide,  4il  MUX  which  selects 
one  of  three  groups  of  16  bits  each  from  the  Control  Store  board, 
or  the  Control  Store  Address  (CSA)  which  comes  from  the  Function 
Control  Board.  (Refer  to  Table  7.) 
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6.1.3  Function  Control  Board 

The  block  diagram  for  the  Function  Control  board  is  shown  in 
Figure  38.  Control  Store  bits  18-15  are  latched  in  the  Control 
Store  Register  for  each  microinstruction  cycle.  These  bits  are 
decoded  to  provide  the  signals  that  select  the  register  in 
which  the  output  of  the  Processor  board  (YOUT)  is  to  be  stored 

The  Control  Logic  provides  the  sequencing  of  the  MP.  This  is 
accomplished  using  a master  clock  (MCLK)  which  generates  eight 
overlapping  phase  clocks  for  each  microinstruction  cycle.  These 
phase  clocks  and  their  relationship  to  a microinstruction  cycle 
are  shown  in  Figure  39-  The  phase  clocks  are  used  throughout 
the  MP  to  produce  edges  and  pulses  for  the  sequential  operation 
of  the  elements  of  the  MP. 


In  most  cases,  the  leading  edge  of  TO  clocks  the  results  of  the 
completed  cycle  into  the  pipeline  register  and  the  leading  edge 
of  T1  clocks  the  next  microinstruction  into  the  Control  Store 
Registers.  The  primary  clock  functions  are  distributed  as 
follows  s 


TO  - a)  The  leading  edge  loads  the  Data  Register  of  the 
Processor  board  every  cycle  unless  inhibited  by 
Control  Store  bits  27-25. 

b)  The  leading  edge  loads  the  SP  Register  of  the 
Processor  board  if  specified  by  Control  Store 
bits  18-16. 

c)  The  leading  edge  loads  the  Mult  Register  of  the 
Multiplier  board  if  specified  by  Control  Store  bits 
l8-l6  or  15. 

d)  The  leading  edge  loads  the  PP  Register  of  the 
Multiplier  board  every  cycle. 

e)  The  leading  edge  loads  the  QT  Register  of  the 
Quantizer  board  if  specified  by  Control  Store  bits 
18-1 6. 


Figure  38.  Function  Control  Block  Diagram 


Microinstruction  Cycle  Timing 


T1  - a)  The  leading  edge  loads  the  Control  Store  Register 
every  cycle  time. 

b)  The  pulse  shifts  out  data  from  the  input  FIFO  of 
the  I/O  board  if  specified  by  Control  Store  bits 
27-25. 

T3  - a)  The  pulse  shifts  in  data  to  the  output  FIFO  of  the 
I/O  board  if  specified  by  Control  Store  bits  18-16. 
b)  The  pulse  writes  data  into  the  Scratch  Pad  Memory 
(SPM)  of  the  Processor  board  if  specified  by 
Control  Store  bit  47. 

T5  - a)  The  pulse  writes  the  Quantizer  Table  (Q^)  of  the 

Quantizer  board  if  specified  by  Control  Store  bits 

18-16. 

T6  - a)  The  clock  is  used  to  control  the  Microprocessor 
Unit  (MPU)  of  the  Processor  board. 


The  MP  can  be  halted  by  either  a reset  or  a halt  function.  There 
are  two  types  of  resets: 

1.  System  Reset: 

Generated  by  the  computer  system  to  which  the  MP  is 
interfaced,  it  usually  acts  as  a system  master  reset. 

2.  Program  Reset: 

Generated  by  writing  into  the  MP  addressable  register 
location  0000  (refer  to  Table  6)  . 


The  halt  is  generated  by  the  host  computer  writing  into  the 
addressable  register  location  0001  of  the  MP.  If  halted,  the 
MP  can  be  started  by  writing  into  the  MP  addressable  register 
location  1000  (refer  to  Table  6)  . Once  started  the  MP  will 
begin  executing  microinstructions  until  either  halted  or  a wait 
condition  occurs.  If  the  "step"  bit  is  set  in  the  Control 
Register,  the  MP  will  execute  only  a single  microinstruction 
following  each  start. 
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The  MP  will  "wait"  if  the  microinstruction  to  be  executed  attempts 

| to  read  from  an  empty  input  FIFO  or  write  to  a full  output  FIFO. 

L 

: When  the  FIFO  causing  the  wait  condition  is  again  ready,  the  MP 

! will  continue  execution. 

I ... 

Four  LED  indicators  on  the  Function  Control  board  identify  when 
the  MP  is  in  an  execution,  wait,  halt,  and/or  breakpoint  condition. 

r 

L 

The  Control  Register  is  loaded  with  data  bits  5-2  when  the 
Control  Status  Register  is  loaded.  These  bits  control  the  step 
mode,  jump  condition,  Breakpoint  enable,  and  Address  Counter 
disable.  The  step  bit,  if  set,  causes  the  MP  to  execute  a sin- 
gle instruction  following  each  start  function.  The  jump  control 
bit  determines  whether  to  jump  to  address  zero  or  the  address 
contained  in  the  Breakpoint  Register  when  the  microinstruction 
specifies  a jump  operation.  Breakpoint  enable,  if  set,  causes 
the  MP  to  halt  when  the  contents  of  the  Address  Counter  are 
equal  to  the  contents  of  the  Breakpoint  Register.  The  Address 
Counter  disable,  if  set,  inhibits  the  Address  Counter  from 
incrementing.  All  control  and  status  bits  are  discussed  more 
fully  in  Section  6.2. 

The  Address  Counter  is  a 12-bit  counter  which  can  address  up  to 
four  Control  Store  Boards.  The  10  least  significant  bits  are 
sent  to  all  four  boards  and  select  one  of  IK  words.  Decoding 
of  the  two  most  significant  bits  provides  four  select  signals, 
one  for  each  board.  The  Address  Counter  can  be  preset  from 
the  data  lines  as  an  MP  Register  (address  1100).  The  counter 
is  incremented  after  each  microinstruction  cycle  unless  the 
Address  Counter  disable  bit  is  set  or  a jump  operation  occurs. 

If  a jump  occurs  and  the  jump  bit  is  not  set,  the  next  address 
will  be  at  location  zero.  If  the  jump  bit  is  set,  the  next 
location  will  be  that  contained  in  the  Breakpoint  Register. 

When  the  counter  disable  bit  is  set,  the  address  will  remain 
unchanged.  A reset  will  set  the  counter  to  zero.  Presetting 
of  the  Address  Counter  affects  the  contents  of  the  Breakpoint 
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Register  so  that,  following  a counter  preset,  the  counter  and 
the  Breakpoint  Register  will  contain  the  same  data. 

Halting  of  the  M*'  occurs  when  the  contents  of  the  12-bit  Break- 
point Register  equal  those  of  the  Address  Counter  (assuming  the 
breakpoint  enable  bit  is  set).  Its  contents  can  also  serve  as 
a jump  address  if  the  jump  bit  of  the  CSR  is  set  and  the  micro- 
instruction specifies  a jump  operation.  For  this  jump,  the 
contents  of  the  Breakpoint  Register  are  loaded  into  the  Address 
Counter,  thus  providing  the  address  of  the  next  microinstruction 
to  be  executed.  The  contents  of  the  Breakpoint  Register  are 
unaltered  in  this  operation.  This  register  is  loaded  from  the 
data  lines  as  an  MP  register  (address  1101). 

The  Comparator  compares  the  12  bits  of  the  Address  Counter  with 
the  12  bits  of  the  Breakpoint  Register  and  forces  AEQB  true  if 
they  are  equal. 

6.1.4  Control  Store  Board 

The  1240  Microprocessor  is  capable  of  addressing  up  to  four 
Control  Store  boards.  Each  board  contains  IK  words,  48  bits 
wide.  These  are  the  basic  microinstructions  of  the  Model  1240 
microprocessor.  A block  diagram  for  a single  Control  Store  (CS) 
board  is  shown  in  Figure  40.  The  CSA  address  and  select  lines 
originate  from  the  Address  Counter  on  the  Function  Control  board. 
The  select  line  enables  one  of  four  boards  while  the  address 
lines  select  the  location  to  be  accessed. 

Each  board  is  configured  in  three  IK  X l6  blocks.  These  blocks 
are  loaded  as  three  independent  MP  Registers  (addresses  1111, 
1110,  1101)  v/ith  the  information  on  the  data  lines  being  written 
into  the  specified  address  of  the  enabled  block  (WE3,  WE2 , WEI ) . 
During  reading  of  data  from  the  CS,  the  contents  of  the  address 
specified  is  transfered  to  the  interface  in  l6-bit  words  via 
the  Control  Mux  board  (refer  to  Table  6). 
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During  MP  execution  the  contents  of  the  location  specified  by 
the  Address  Counter  is  placed  on  the  CS47-CS00  lines.  This 
data  is  latched  into  the  Control  Store  Register  at  the  beginning 
of  each  cycle  and  becomes  the  microinstruction  for  the  present 
instruction  cycle. 

Refer  to  Appendix  A (T-126-1096) , Section  2,  for  the  microin- 
struction format. 

6.1.5  Data  Mux  Board 

The  block  diagram  for  the  Data  Mux  board  is  shown  in  Figure  41. 
Control  Store  bits  27-25  and  11-00  are  loaded  into  the  Control 
Store  Register  at  the  beginning  of  each  execution  cycle.  Bits 
27-25  are  used  to  select  one  of  seven  input  groups  to  be  sent 
to  the  Data  Register  on  the  Processor  board  via  the  8:1  mux 
( MUXA ) . These  groups  include: 

1.  Microinstruction  Operand  (CS11-00) 

2.  Quantizer  Output  (Q) 

3.  Input  FIFO  right  half  word  (IFLS) 

4o  Input  FIFO  left  half  word  (IFMS) 

5.  Multiplier  Output  (ADD) 

6.  Scratch  Pad  Memory  shifted  output  (SPM) 

7.  Scratch  Pad  Memory  output  (SPM) 

The  MUXA  output  format  for  these  groups  is  shown  ir.  Table  8. 

If  CS27 , 26  and  25  are  all  zero  the  loading  of  the  Data  Register 
is  inhibited  and  its  contents  remains  unchanged. 

The  3*8  decoder  has  three  output  signals:  two  to  the  input  FIFO 
and  one  to  the  Data  Register.  The  two  to  the  FIFO  shift  data 
out  when  the  FIFO  is  selected  as  the  input  source  to  the  Data 
Register  and  the  remaining  signal  enables  or  disables  the 
loading  of  the  Data  Register  as  required. 
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MUXA  OUTPUT  FORMAT 


6.1.6  Processor  Board 

The  Processor  hoard  includes  the  Data  Register,  Microprocessor 
Unit  (MPU),  Scratch  Pad  Register,  Scratch  Pad  Memory,  the  MUXD, 
and  the  Control  Store  Register  as  shown  in  Figure  42.  The  Data 
Register  receives  selected  data  from  MUXA  of  the  Data  Mux  board 
and  latches  it  at  the  end  of  each  microinstruction  cycle.  This 
data  is  then  available  for  the  MPU,  MUXD,  or  the  Quantizer  Board 
during  the  next  microinstruction  cycle. 

The  MPU  consists  of  three  Advanced  Micro  Devices  Am  2901  four- 
bit  slice  microprocessors  and  a "look  ahead  carry"  generator 
which  speeds  up  arithmetic  operations.  The  three  Am  290l's 
operate  in  parallel  to  provide  processing  of  12-bit  words.  The 
block  diagram  of  the  Am  2901  appears  in  Figure  43  and  its 
instruction  set  in  Figure  44.  The  output  of  the  Data  Register 
(DOUT)  is  sent  to  the  Direct  Data  Input  lines  of  the  2901  and 
the  processed  data  is  sent  to  the  other  MP  elements  via  the 
Am  2901  Y lines  (YOUT).  The  operation  of  the  Am  2901  is  con- 
trolled by  bits  19-24  and  28-39  of  the  MP  microinstruction 
which  is  latched  in  the  Control  Store  Register. 

The  Scratch  Pad  Register  (SPR)  latches  the  output  of  the  MPU 
at  the  end  of  a cycle  if  enabled  by  bits  18-16  of  the  micro- 
instruction (refer  to  Attachment  A).  The  SPR  output  (SOUT) 
is  available  to  the  Scratch  Pad  Memory  and  the  MUXD. 

The  Scratch  Pad  Memory  (SPM)  is  a 64  X 12  RAM  which  provides 
additional  data  storage  beyond  the  16  general  registers.  The 
SPM  is  addressed  by  bits  46-4l  of  the  microinstruction  and  the 
write  enable  is  controlled  by  bit  47.  When  writing  into  the 
SPM,  the  contents  of  the  SPR  are  stored  at  the  address  specified. 
The  output  of  the  Scratch  Pad  Memory  is  available  as  an  input 
to  the  MP  and  to  the  Multiplier. 
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Figure  42.  Processor  Block  Diagram 


ALU  SOURCE 
OPERANOS 


ALU  Source  Operand  Control. 


MICRO  CODE 

ALU 

Symbol 

•«  ■«  >1 

Octet 

Cod. 

Function 

L L L 

0 

R P»u«  S 

R ♦ S 

L l M 

1 

S Mioui  R 

S - R 

L M L 

2 

R Minut  S 

R - S 

L M M 

3 

R OR  S 

R V S 

M L L 

4 

R ANO  S 

RA  S 

M L M 

5 

R ANO  8 

fiM 

H H t 

6 

R EX  OR  S 

R V S 

H H M 

1 

R EX-NOR  S 

MVt 

Q-REG. 

FUNCTION 


ALU  Function  Control. 


IKEH 


NONE  NONE 


DOWN  F/2-*S  DOWN  Q/2  -*Q 


DOWN  F/2-»§ 


UP  2P-*i  UP  20  -*  Q 


X-  Don't  car*.  Electrically,  tha  shift  pin  It  a TTL  input  internally  connected  to  a three-state  output  which  it  In  the  hifh- 
impedance  ttat*. 

tf-  Register  Add  rested  by  B Inputs. 

Up  Is  toward  MSB,  Oown  is  toward  LSB. 

ALU  Damnation  Control. 


R Plus  S 
Cn-H 

A+Q+1 

A+B+1 

Q+1 

B*1 

*♦1 

o*o 

0*0+1  I ©♦I 


Cn-L 
R Minus  8 
Cn»H 


0-0-1  0-1 


R EX-NOR  S aT3  JTvl 


5va  BVS 


♦ - Plus.  - - Minus;  V - OR.  A - AND.  y • EX  OR 

Source  Operand  end  ALU  Function  Matrix. 


Figure  44.  Am2901  Instruction  Set 
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MUXD  is  a 12-bit  wide ■ 2 to  1 multiplexer  which  selects  data 
from  the  Data  Register  (DOUT)  or  the  Scratch  Pad  Register  (SOUT) 
and  sends  it  to  MUXC  on  the  I/O  board.  The  output  format  is 
shown  in  Table  7* 

6.1.7  Multiplier  Board 

The  block  diagram  for  the  asynchronous  multiplier  which  is 
implemented  using  the  fast  25S05  2X4  multiplier  chip  appears  in 
Figure  45*  MUXB  selects  either  the  12  bit  output  of  the  Micro- 
Processor  Unit  (YOUT)  or  the  Scratch  Pad  Memory  (SPM)  and 
latches  it  in  the  Multiplier  Register  at  the  end  of  an  instruc- 
tion cycle  if  instructed  to  do  so  by  the  microinstruction.  As  a 
speed-up  technique,  the  Multiplier  Register  data  is  supplied  to 
the  Multiplier  as  two  6-bit  words,  each  of  which  is  multiplied 
by  the  microinstruction  operand,  bits  11-00,  shown  as  X in  the 
block  diagram.  At  the  completion  of  every  instruction  cycle 
the  results  of  these  two  multiplications  are  stored  in  the 
Partial  Product  Registers  (PPR).  During  the  following  cycle  the 
two  partial  products  are  summed  by  the  Adder  to  produce  a 12-bit, 
truncated  word  which  can  be  stored  in  the  Data  Register  via  the 
Data  Mux  board.  This  pipelining  technique  is  faster  than  the 
conventional  implementation  using  a single  asynchronous  array. 
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Figure  45*  Multiplier  Block  Diagram 
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6.1.8  Quantizer  Tables 

A feature  of  the  Model  1240  Microprocessor  is  the  ability  to 
address  a table  on  a special  card.  For  different  applications 
the  exact  nature  of  the  tables  desired  will  vary.  Of  interest 
in  the  present  application  is  a quantization  table  for  perform- 
ing Differential  Pulse  Code  Modulation.  After  the  DCT  is  per- 
formed on  32  adjacent  pixels  along  a TV  line  within  a stripe, 
the  resulting  "coefficients"  are  stored.  When  the  same  computa- 
tion is  made  for  the  next  TV  line,  the  new  group  of  coefficients 
should  differ  little  from  the  previous  set.  Therefore  if  differ- 
encing techniques  are  used,  it  should  be  possible  to  transmit  the 
coefficients  to  the  ground  station  as  a form  of  delta  modulation. 
This  will  permit  a substantial  reduction  in  bandwidth. 


Fig.  46  shows  how  the  Quantizer  Table  fits  into  the  overall 
system  design.  The  output  of  the  Am  2901  ALU's  can  under  micro- 
instruction control  be  sent  to  the  Quantizer  Input  Register, 
designated  as  T in  the  microinstruction.  It  then  serves  as  an 
address  to  the  Quantizer  in  order  to  read  out  a word  from  a 
stored  table.  This  output  is  fed  back  to  the  D register,  whence 
it  can  be  read  back  into  the  Am  2901 *s.  A second  path  is  also 
of  interest.  Output  results  normally  can  be  sent  from  the  Am 
2901  to  the  Output  FIFO  through  a Multiplexer  (MUX) . But  when 
the  DPCM  computation  is  being  performed,  the  output  of  the 
Quantizer  Table  can  be  sent  through  the  same  MUX  to  the  Output 
FIFO,  thus  saving  time.  The  result  placed  in  the  FIFO  can  of 
course  be  simultaneously  read  into  the  D register. 


6. 1.8.1  DPCM 

Clearly  the  key  to  data  compression  is  the  DPCM  algorithm.  It 
is  necessary  to  compare  each  coefficient  — whether  the  first 
harmonic,  second,  etc.  — with  the  corresponding  coefficient 
from  the  preceding  TV  line.  These  preceding  coefficients  are 
kept  in  memory.  It  is  the  difference  between  these  two  coef- 
ficients which  is  used  to  enter  the  Quantizer  Tables.  Note  that 
the  Quantizer  is  actually  made  up  of  several  tables.  This  is 
done  to  take  into  account  the  different  expected  "sizes"  of  the 


T 


J 
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various  coefficients.  A general  rule  is  that  the  magnitude  of 
a given  coefficient  is  inversely  proportional  to  its  order. 

Thus  the  5th  harmonic  is  expected  to  be  about  l/5th  the  magni- 
tude of  the  1st  harmonic.  A rough  grouping  is  then  possible: 

1.  Group  1:  DC  coefficient,  1st,  2nd,  3rd,  and  4th 

harmonic 

2.  Group  2:  5th  through  11th  harmonii 

3.  Group  3:  all  higher  harmonics 

Thus  there  is  a need  for  at  least  three  types  of  tables.  Fur- 
thermore, even  within  a group  it  may  be  desirable  to  quantize 
differently.  Hence  3 tables  are  reserved  for  group  1,  two  for 
group  2,  and  two  for  group  3.  These  will  be  explained  later. 
Briefly  the  output  of  the  Quantizer  Table  can  be  considered  an 
approximation  or  "rounded  value"  of  the  input,  which  as  was  noted 
is  actually  a difference  between  the  coefficient  on  the  present 
TV  line  and  the  corresponding  order  coefficient  from  the  preceding 
TV  line. 

Fig.  47  shows  both  the  Quantizing  process  which  takes  place 
in  the  Remotely  Piloted  Vehicle  and  the  "dequantization"  which 
is  done  on  the  ground.  The  former  is  the  more  difficult.  The 
current  kth  order  coefficient  for  line  n is  shown  (C.  ) as  an 

K f n 

input  from  the  DCT  calculation  to  the  Quantizer.  Note  that  the 
first  operation  is  a differencing  with  the  old  (previous  line) 
coefficient,  C.  . . However,  an  approximation  to  C,  „ , is 
employed.  In  particular,  a factor,  o(,  where  0 -A  - 1 , is 
used  to  attenuate  the  old  value.  This  will  have  the  effect  of 
removing  errors.  might  be  selected  to  be  of  the  order  of 

0.9  or  so. 

Fig.  47a  shows  that  this  old,  ’attenuated  value  is  subtracted 

from  C.  , and  the  latter  di florence,  after  being  truncated, 
xv  t n 

enters  the  Quantizer.  The  output  of  the  Quantizer  will  be  com- 
pressed to  a codeword  which  is  5»  4,  3,  2,  1,  or  zero  bits. 
Corresponding  to  this  codeword  is  a rounded  value.  As  an  example, 
if  the  input  to  the  Quantizer  is  26  in  binary,  the  5-bit  quantized 
output  is  27,  the  4-bit  one  is  29.  the  3-bit  one  is  24,  the  2-bit 
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Fig,  47.  Use  of  Quantization  Tables 


Rounded  value,  R, 

► 

Codeword  for  R 


^k,n 


one  is  17,  and  the  1-bit  one  is  8.  This  assumes  the  input  was 
postive.  If  it  were  negative,  the  sign  of  the  output  would  be 
negative  also  since  the  table  is  symmetrical. 

There  is  a one-to-one  relationship  between  the  codeword  trans- 
mitted to  the  ground  and  the  rounded  value.  Thus  when  the 
codeword  reaches  the  ground,  it  is  used  to  enter  a table  in  order 
to  retrieve  the  rounded  value.  This  is  then  used  as  in  Fig.  47b. 
Since  the  rounded  value  is  a difference,  the  previous  stored 
value  for  this  coefficient  is  attenuated  and  added  to  the 
rounded  value  to  form  the  estimate  of  the  present  coefficient. 
Note  that  the  old  value  is  then  discarded,  to  be  replaced  by 

the  estimate  for  the  present  line,  C,  , formed  in  the  same 

it  f n 

manner  at  the  ground  station  and  in  the  RPV. 

6. 1.8. 2 Implementation 

Additional  detail  of  the  Quantizer  is  shown  in  Fig.  48.  The 
Quantizer  Tables  are  shown  at  the  top  of  the  page.  The  address 
from  the  Microprocessor  (MP)  is  placed  in  the  T register,  but 
the  high-order  address  bits,  which  select  the  particular  table, 
come  from  the  microinstruction  currently  being  executed.  Note 
that  bits  CS14  to  CS12  also  serve  as  an  address.  The  output 
of  the  Quantizer  can  be  fed  back  to  the  MP  D (input)  register. 
When  the  Quantizer  is  loaded,  8 bits  (right  justified)  are  taken 
from  the  D register.  The  Quantizer  is  actually  comprised  of  8 
1024-bit  RAM' 8,  subdivided  into  separate  tables. 

At  the  bottom  of  Figure  48,  it  can  be  seen  that  the  output  of 
the  MP,  YOUT,  can  be  sent  directly  to  the  Output  FIFO.  However, 
there  is  an  alternate  path  so  that  the  Quantizer  output,  which 
is  sent  to  the  MP,  can  also  come  directly  through  the  MUX  H,  to 
the  Output  FIFO.  This  is  useful  for  laboratory  work  in  which 
the  data  transmitted  is  not  a codeword  but  rather  the  rounded 
value  itself.  Since  there  is  a one-to-one  relationship  between 
the  two,  no  generality  is  lost  and  greater  flexibility  is  gained 
for  experimentation.  This  rounded  value,  which  is  the  output 
of  the  compression  process,  is  passed  on  to  the  dequant izing 
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to  Microprocessor  D Register 


(a)  System  is  in  12-bit  Mode 

(b)  Microprocessor  carries  out  a 
QT  to  D Register  operation 


Fig.  48.  Loading  Output  FIFO 


process  at  the  simulated  ground  station.  Note  the  following  in- 
teresting fact:  When  a single  processor  is  doing  both  the  air- 
borne computations  and  the  ground-based  computations,  the  value 
Ck  generated  at  the  top  of  Figure  47  is  the  same  as  the  value 
which  would  be  generated  in  the  dequantizing  in  the  bottom  dia- 
gram of  Figure  47,  Thus  there  is  no  need  to  repeat  the  latter 
computation.  When  a single  MP  does  both  computations,  it  is  in 
the  8-bit  output  mode  (producing  two  8-bit  pixel  values  per  out- 
put word) . Hence  MUX  H is  not  in  a position  to  load  the  Output 
FIFO  with  values  from  the  Quantizer.  Instead,  calculated  pixel 
values  will  be  loaded  directly  from  the  output  of  the  MP  (YOUT) . 

6. 1.8. 3 Organization  of  the  Quantizer  Table 
The  principal  (but  not  sole)  use  of  the  Quantizer  Tables  is 
in  the  DPCM  process  on  the  coefficients  resulting  from  a Dis- 
crete Cosine  Transform  performed  on  32  pixels  along  a TV  line. 

It  is  necessary  to  understand  how  the  latter  coefficients  will 
be  scaled.  Figure  49  summarizes  some  pertinent  information. 

With  the  Data/Ware  algorithm,  the  DCT  coefficients  will  be  cal- 
culated in  5 iterations.  Thus  the  6-bit  input  coefficients 
with  leading  sign  zero  making  a ?th  bit  will  grow  to  ? + 5 = 

12  bits  for  the  DC  term.  This  term  is  always  at  least  twice 
as  large  as  the  other  coefficients,  as  shown  in  Figure  49. 

Next  the  MP  will  perform  the  first  step  of  the  DPCM  (refer  to 
Figure  47) , which  is  a differencing.  Because  the  DC  term  is 
always  positive,  it  will  remain  at  12  bitsj  but  the  other  coef- 
ficients could  now  lead  to  12-bit  results  after  the  subtraction. 

As  discussed  above,  the  coefficients  may  be  arranged  into  3 groups 
according  to  size.  Figure  49  shows  "typical"  values  for  each 
group,  including  the  sign  bit.  The  lower  part  of  Figure  49. 
indicates  how  6-bit  selections  are  made  from  each  group  to  en- 
ter the  Quantizer.  A test  is  first  made  to  see  whether  the 
difference  must  be  "limited",  i.e.  set  to  the  most  positive  or 
most  negative  value  because  of  overflow  beyond  the  selected  6 bits* 


Notes i Starting  with  positive  sign  (0)  and  6-bit  pixels, 

the  resulting  DC  coefficient  and  other  coefficients 
will  be  scaled  as  shown  at  top  of  page  (including 
the  sign  bit).  After  the  first  difference  of  the 
DPCM,  all  differences  can  be  12  bits. 

Calling  the  first  5 coefficients  (including  DC, 

1st  harmonic,  2nd,  ...»  4th)  group.  1,  the  next 
7 coefficients  group  2,  and  the  rest  group  3, 
"typical  1st  differences"  in  the  DPCM  are  as 
shown. 

6-bit  selections  are  made  for  each  group  in  order 
to  enter  the  Quantization  Table.  Limiting  is 
first  carried  out.  The  Table  outputs  a 6-bit 
"rounded  value" 


Fig.  49.  Scaling  Considerations  for  DPCM 
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Figure  50  shows  that  there  are  several  different  tables  pro- 
vided, each  64x8  for  the  coefficient  differences.  Three  tables 
are  provided  for  group  1,  two  for  group  2,  and  two  for  group  3. 

As  Figure  49  shows,  for  a group  1 coefficient  difference,  bits 
8 to  3 of  the  MP  output  word  are  directed  to  table  6,  5.  or  4. 

In  case  of  "overflow"  beyond  this  range,  the  input  to  the  table 
is  set  either  to  the  most  postive  value,  011111,  or  the  most 
negative  value,  100001.  It  is  the  microinstruction  which  de- 
cides which  table  to  call  upon. 

For  each  group  of  coefficients  more  than  one  table  is  provided. 
This  permits  greater  or  lesser  degrees  of  compression.  For 
example,  the  DC  coefficient  might  be  quantized  to  4 bits, 
the  first  and  second  harmonics  might  be  quantized  to  3 bits, 
the  third  and  fourth  harmonics  might  be  quantized  to  2 bits. 

This  would  require  that  Table  6 be  filled  with  4-bit  quantizer 
values,  Table  5 with  3-bit  quantizer  values,  and  Table  4 with 
2-bit  quantizer  values.  Since  the  Quantization  Table  is  a RAM, 
these  values  can  be  loaded  by  the  PDP-11  computer  at  the  start 
of  the  experiment. 

Figure  51  gives  recommended  values  for  the  Quantizer  Tables 
depending  upon  how  many  bits  of  quantization  are  to  be  permitted. 
Only  positive  values  are  shown  in  Figure  51 » but  there  is  of 
course  an  equal  amount  of  space  devoted  to  the  negative  values 
so  that  the  tables  are  symmetrical  about  zero.  The  values  in 
the  table  are  the  rounded  values  or  approximations  to  the  input 
difference.  For  small  values  of  the  differences,  the  steps  in 
the  table  are  rather  fine.  For  larger  values,  the  steps  become 
rather  large. 

When  a difference  is  sent  to  tables  6 to  4 by  the  microinstruc- 
tion, only  bits  8 to  3 of  the  MP  word  are  used  to  address  the 

table.  Similarly  bits  7 to  2 of  the  MP  word  are  used  to  address 
tables  3 And  2\  while  bits  6 to  1 are  used  as  the  address  to 

tables  1 and  0.  This  serves  as  an  adjustment  for  the  differing 

expected  sizes  of  the  three  groups  of  coefficients  and  results 
in  a more  efficient  encoding  of  the  information. 
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Table  7 
(256x8) 


"Special"  table 


Output  as  a 

Function  of  number  of 

Quantization  Bits 

5 Bits 

4 Bits 

3 Bits 

2 Bits 

1 Bit 

INPUT 

8 

0 

0 

1 

2 

4 

1 

1 

i 

1 

2 

4 

8 

2 

2 

3 

2 

4 

8 

3 

3 

3 

2 

1 

4 

8 

4 

4 

5 

6 

4 

8 

5 

5 

5 

i 6 

4 

8 

6 

6 

7 

! 6 

4 

8 

7 

7 

7 

i 6 

4 

8 

8 

9 

10 

12 

| 

17 

8 

9 

9 

10 

12 

17 

8 

10 

11 

10 

i 12 

17 

8 

11 

11 

10 

12 

17 

8 

12 

13 

14 

; 12 

17 

8 

13 

13 

14 

12 

f 

17 

8 

14 

15 

14 

1 12 

17 

8 

15 

15 

14 

12 

17 

8 

16 

15 

14 

■ 12 

17 

8 

17 

18 

20 

24 

17 

8 

18 

18 

20 

24 

17 

8 

19 

18 

20 

24 

17 

8 

20 

22 

20 

24 

17 

8 

21 

22 

20 

24 

17 

8 

22 

22 

20 

24 

17 

8 

23 

22 

20 

24 

<7 

8 

24 

27 

29 

24 

17 

8 

25 

27 

29 

24 

17 

8 

26 

27 

29 

24 

17 

8 

27 

27 

29 

; 24 

17 

8 

28 

27 

29 

■ 24 

17 

8 

29 

31 

29 

1 24 

17 

8 

30 

31 

29 

24 

17 

8 

1 31 

31 

29 

24 

17 

8 

Note i Positive  values  shown.  Negative  inputs  produce  equivalent 
negative  outputs. 


Figure  51 


Quantization  Table 
122 


6. 1.8. 4 Special  Table 

The  seven  small  tables  for  quantizing  differences  in  coeffic- 
ients during  the  DPCM  operation  have  been  described.  An 
eighth  table  (Table  7)  which  is  256x8  in  size  has  been  provided 
for  greater  generality.  It  was  considered  desirable  to  permit 
a table  look-up  on  pixel  values.  Hence  an  8-bit  pixel  value 
can  be  fed  as  input  to  Table  7 and  will  produce  an  output  also 
8 bits  in  length.  This  can  be  done  at  extremely  high  speed 
as  pixels  are  being  generated  (perhaps  during  the  inverse 
transformation)  prior  to  being  sent  to  the  frame  store  memory. 

The  eight  bits  sent  to  the  special  table  are  bits  11  to  4 of 
the  MP  output.  Bits  3 to  0 are  discarded.  This  process  is 
sometimes  referred  to  as  the  use  of  a "function  memory".  Prof. 
Harry  C.  Andrews  of  the  University  of  Southern  California  has 
stated,  "Probably  the  simplest  and  yet  most  powerful  enhance- 
ment technique  is  that  known  as  nonlinear  point  processes.  Such 
processes  refer  to  the  mapping  of  individual  pixels  to  new  values 
independent  of  their  neighboring  pixel  values.  There  are  many 
motivating  factors  behind  the  use  of  point  processes  for  image 
enhancement.  Possibly  the  most  sound  one  is  that  of  attempting 
the  removal  of  monotonic  nonlinearities  experienced  during  imag- 
ing. An  example  of  such  might  be  correction  for  film  gamma  in 
a photographic  process.  However,  some  less  esoteric  but  more 
practical  point  process  motivation  exists  from  the  desire  to 
simply  use  the  available  gray  shades  of  a display  device  more 
effectively  than  might  be  indicated  by  the  histogram  of  the 
scanned  images.  Consequently,  stretching,  noise  clipping,  and 
histogram  equalization  become  possibly  useful  candidates." 

Thus  all  that  is  required  is  to  place  the  desired  mapping  func- 
tion into  the  special  memory.  During  the  inverse  transformation 
after  the  inverse  DPCM  and  inverse  DCT  — the  pixels  are  re- 
covered. At  this  point  they  can  be  sent  to  the  special  table 
to  attempt  enhancement.  There  are  other  possible  uses  for 
the  tables,  but  the  above  at  least  presents  some  useful  con- 
cepts for  experimentation. 
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6.2  Control  and  Status  Register 

The  Control  & Status  Register  (CSR)  is  a l6-bit  register  which 
can  be  written  into  by  the  host  computer  for  MP  control  and  read 
from  to  determine  MP  status.  This  register  has  address  1001 
(refer  to  Table  6) . The  contents  of  the  CSR  are  shown  in 

Table  9*  Bits  15-12  are  reserved  for  use  in  defining  the 
interface  between  the  MP  and  the  computer  system.  In  all,  the 
CSR  provides  six  control  bits  (05-00)  and  six  status  bits  (11-06). 

In  writing  into  the  CSR,  the  information  on  the  data  lines  are 
loaded  into  the  control  bits  while  the  status  bits  remain 
unchanged.  The  status  and  control  state  of  the  MP  can  be 
monitored  by  reading  the  CSR. 


6.2.1  Control 

The  following  CSR  bits  control  the  operation  of  the  MP: 


IFM8  (Bit  00): 


0FM8  (Bit  01): 


ENCTR  (Bit  02): 


ENBKP  (Bit  03) « 


Controls  the  word  length  read  from  the  input 
FIFO  into  the  Data  Register.  If  set  ("1") 
an  8-bit  half  word  is  read  and  if*  cleared 
( ”0” ) , a 12-bit  word  is  read. 

Controls  the  word  length  transfered  from 
the  output  FIFO  to  the  interface  via  the 
data  lines.  If  set,  an  8-bit  half  word  is 
transfered  and  if  cleared,  a 12-bit  word 
is  transfered. 

If  set,  this  bit  disables  the  incrementing 
of  the  Address  Counter  on  the  Function 
Control  board.  If  cleared,  the  counter  is 
enabled  and  incremented  after  each  instruc- 
tion cycle.  Disabling  the  Address  Counter 
does  not  inhibit  jump  operations. 

If  set,  causes  the  MP  to  halt  when  the 
contents  of  the  Breakpoint  Register  are 
equal  to  the  contents  of  the  Address  Counter. 
When  the  halt  occurs,  the  Address  Counter 
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Notes  Following  a reset  all  CSR  bits  are  in  the  "0"  state 


JUMP  (Bit  04): 


STEP  (Bit  05): 


6.2.2  Status 
The  status  of  the 

AMOVF  (Bit  06): 


BKP  (Bit  07) : 


will  have  been  incremented  ahead,  and  the 
instruction  at  the  location  indicated  by  the 
Breakpoint  Register  will  have  been  executed. 

If  cleared,  the  MP  will  not  halt  when  the 
contents  of  the  Address  Counter  and  Break- 
point Registers  are  equal. 

When  a microinstruction  directs  the  MP  to 

execute  a jump  operation,  this  bit  selects 

one  of  two  addresses  for  the  jump.  If  set, 

the  next  microinstruction  following  the  jump 

instruction  will  be  at  the  location  specified 

by  the  Breakpoint  Register,  and,  if  cleared,  / 

it  will  be  at  location  zero. 

If  set,  this  bit  places  the  MP  in  the  STEP 
mode  and,  if  cleared,  the  MP  will  be  in  the 
RUN  mode.  In  the  RUN  mode,  the  MP  executes 
microinstructions  until  stopped  by  a HALT 
command , a reset , or  by  encountering  a break- 
point. In  the  step  mode,  the  MP  halts  after 
the  execution  of  each  microinstruction  and 
can  then  be  "stepped"  by  a START  command. 

(The  HALT  and  START  commands  are  activated 
by  writing  into  the  respective  MP  addressable 
registers  (refer  to  Table  6). 


MP  is  indicated  by  the  following  bits: 

When  set,  indicates  that  an  overflow  has 
occurred  in  the  Main  Processing  Unit  while 
executing  an  arithmetic  function.  A reset 
is  required  to  clear  this  bit. 

This  bit,  when  set,  indicates  that  the  MP 
has  encountered  the  breakpoint  specified  in 
the  Breakpoint  Register.  This  bit  cannot 
be  set  unless  the  breakpoint  is  enabled  (ENBKP) . 
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AEQB  (Bit  08): 


HALT  (Bit  09): 
WAITOF  (Bit  10): 


WAIT IF  (Bit  11): 


If  set,  this  bit  indicates  that  the  contents 
of  the  Address  Counter  are  equal  to  those 
of  the  Breakpoint  Regisx^r.  This  bit  is  not 
affected  by  the  state  of  ENBKP. 

This  bit,  when  set,  indicates  that  the  MP 
is  halted. 

When  set,  indicates  that  the  MP  is  attempting 
to  write  to  the  output  FIFO  but  the  FIFO  is 
full.  This  bit  will  clear  as  soon  as  space 
becomes  available  in  the  FIFO.  The  MP  is 
in  a "wait"  condition  during  this  time. 

When  set,  indicates  that  the  MP  is  attempting 
to  read  from  the  input  FIFO  but  the  FIFO  is 
empty.  This  bit  will  clear  as  soon  as  data 
becomes  available  in  the  FIFO.  The  MP  is 
in  a "wait"  condition  during  this  time. 


6.3  Operation 

There  are  two  phases  of  operations  for  the  Model  1240  micropro- 
cessor; Initialize  and  Execute. 


6.3.1  Initialize 

The  first  phase  of  operation  is  initializing  the  Control  Store, 
the  Quantizer  tables,  and  the  CSR.  To  initialize  the  Control 
Store  the  MP  should  first  be  reset.  This  insures  that  the  MP 
is  halted  and  that  the  control  bits  of  the  CSR  are  cleared. 

Next,  the  Address  Counter  is  loaded  with  the  address  of  the 
desired  location  within  the  Control  Store  in  which  a micro- 
instruction is  to  be  stored.  Three  l6-bit  words  are  next  loaded 
into  the  specified  location  by  writing  into  Control  Store  1,  2, 
and  3 (refer  to  Table  6).  The  loaded  microinstruction  can  be 
verified  by  reading  Control  Store  1,  2 and  3 and  comparing  with 
the  original  data.  This  process  is  repeated  until  the  entire 
micro-program  is  loaded  into  Control  Store. 
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The  Quantizer  Tables  are  initialized  by  the  microprogram  from 
Control  Store.  Data  to  be  loaded  into  the  Quantizer  is  sent  to 
the  input  FIFO  from  the  computer  system  via  the  interface.  The 
microprogram  moves  data  from  the  FIFO  to  the  Data  Register  in 
one  instruction  cycle  and  then  writes  the  output  of  the  Data 
Register  into  the  Quantizer  during  the  next  cycle  (refer  to 
Figure  36) . The  address  for  the  Quantizer  is  supplied  by  the 
output  of  the  MPU  and  is  also  controlled  by  the  microprogram. 

The  control  bits  of  the  CSR  are  loaded  by  the  computer  to  provide 
the  desired  operation  of  the  MP.  These  bits  control  the  modes 
of  the  FIFO's,  the  Address  Counter's  incrementing,  the  Breakpoint 
operation,  the  jump  destination,  and  the  STEP/RUN  mode  (refer 
to  Section  6.2) . 

It  will  typically  be  desired  to  load  the  Address  Counter  and  the 
Breakpoint  Register  with  the  microprogram  sxarting  address  and 
the  breakpoint  address,  respectively. 

6.3.2  Execute 

The  execute  phase  is  activated  by  writing  into  the  MP  addressable 
register  for  the  START  function  (refer  to  Table  6).  This 
removes  the  MP  from  the  Halt  state  and  begins  execution  of  the 
microprogram.  Execution  starts  at  the  microinstruction  address 
in  the  Control  Store  specified  by  the  Address  Counter.  This 
microinstruction  is  clocked  into  the  Control  Store  Registers 
(refer  to  Figure  36)  and  the  Address  Counter  is  incremented  for 
accessing  of  the  next  microinstruction. 

During  each  execution  cycle,  data  from  one  pipeline  register  is 
processed  and/or  moved  to  another  pipeline  register.  The  pipeline 
registers  include  the  following  (refer  to  Figure  36) j 

Data  Register  (D)  Scratch  Pad  Register  (SP  or  S) 

Multiplier  Register  (M)  Partial  Product  Register  (PP  or  MI) 
Quantizer  Register  (T)  FIFO  Register  (F) 

The  letters  in  parentheses  are  used  to  identify  these  registers 
in  writing  microinstructions. 
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Typical  operation  begins  with  inputting  data  from  the  input  FIFO 
to  the  Data  Register  to  be  processed  by  the  MPU.  After  proces- 
sing, the  data  is  moved  to  the  Multiplier  Register,  the  SP  Regis- 
ter, or  the  T Register.  If  stored  in  the  Multiplier  Register, 
the  data  is  multiplied  by  the  microinstruction  operand  (X)  and 
the  result  is  clocked  into  the  Partial  Product  Register.  During 
the  following  instruction  cycle  this  data  passes  through  the 
adder  and  is  then  stored  in  the  Data  Register  where  it  can  be 
processed  further  by  the  MPU. 

If  the  data  from  the  MPU  is  placed  in  the  Scratch  Pad  Register, 
it  can  then  be  stored  in  the  64-word  Scratch  Pad  Memory  where 
it  can  be  accessed  later.  When  accessed,  this  data  can  be  sent 
to  the  Data  Register  for  input  to  the  MP  or  to  the  Multiplier 
Register  for  a multiply  operation. 

Data  sent  to  the  Quantizer  Register  is  used  to  address  the 
Quantizer  Tables.  The  data  at  the  location  specified  is  then 
loaded  into  the  Data  Register  and  sent  to  the  MPU,  or  it  can 
be  sent  directly  from  the  Quantizer  to  the  FIFO  Register. 

The  purpose  of  a pass  through  the  MPU  is  to  permit  some  proces- 
sing on  the  way  to  the  FIFO  Register.  The  data  in  the  FIFO 
Register  is  passed  to  the  output  FIFO  during  the  next  instruction 
cycle  and  then  sent  to  the  interface  via  MUXC. 

In  the  RUN  mode,  the  execution  of  data  continues  until  the  MP 
is  Halted  or  a "wait"  condition  is  encountered.  In  the  STEP 
mode  the  MP,  after  receipt  of  a START  command,  executes  one 
instruction  cycle  and  then  halts. 
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SECTION  I 


INTRODUCTION 


Data/Ware  Development's  D/W  1240  processor  is  a very  high  per- 
formance microprogrammed  computer  featuring  a cycle  time  of  about 
150  nanoseconds.  The  machine  is  extensively  overlapped  and 
employs  Schottky  TTL  LSI  and  MSI  circuitry  to  achieve  this  high 
performance.  The  central  building  block  is  the  Advanced  Micro- 
Devices  4-bit  microprocessor  slice,  the  Am  2901.  Three  of  these 
chips  are  combined  to  create  a 12-bit  word.  The  microinstruc- 
tions are  stored  in  a RAM  memory,  which  can  be  loaded  from  a 
host  computer.  At  present  the  PDP-11  is  employed  as  the  host, 
but  any  other  computer  could  serve  as  well.  Multiplication  of 
two  12-bit  numbers  is  carried  out  in  a special  asynchronous  mul-  • 
tiplier  unit,  which  also  has  a 150  nsec  cycle  time. 

Microinstructions  consist  of  48-bit  words  and  thus  can  be  loaded 
from  the  host  machine  as  three  16-bit  words.  In  the  present 
model  the  microstore  is  a separate  card  which  holds  1024  micro- 
instructions. However,  the  backplane  is  wired  so  that  up  to 
four  such  cards  can  be  plugged  in  if  it  is  desired  to  write  a 
longer  program  in  microinstructions.  Pig.  A-l  shows  the  format 
of  the  microinstruction  and  Pig.  2 shows  the  overall  logical 
organization. 

Some  of  the  significant  features  from  Pig.  A-2  af*e  the  CPU  (Am 
2901  chips) , the  multiplier  (speeded  up  by  forming  two  partial 
products  and  summing  in  an  adder) , the  64  word  Scratch  Pad 
Memory,  and  the  input  and  output  FIFO  memories  to  simplify  the 
problem  of  communicating  with  the  host  computer.  The  method 
of  microprogramming  the  D/W  1240  using  a cross-assembler  written 
in  FORTRAN  is  described  in  the  text. 
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SECTION  II 


MICROINSTRUCTION  FORMAT 

The  microinstruction  format  is  as  shown  in  Figure  A-l  and  the 
devices  under  microinstruction  control  are  shown  in  Figure  A-2. 
Bits  39-32,  31-28  and  24-16  control  the  AM2901  microprocessors. 

The  bit  assignments  are  given  in  Figure  A-3.  and  the  corresponding 
source  language  is  described  in  Section  3* 

Bit  47  is  1 whenever  the  Scratch  Memory  is  being  written.  If 
bit  15  is  1,  the  Scratch  Memory  output  is  loaded  into  the  M 
Register. 

Bits  14-12  are  used  to  form  part  ot  the  Quantizer  address.  The 
contents  of  the  T Register  supply  the  rest. 

Bits  O-li  are  usually  a 12-bit  twos  complement  number  by  which 
the  contents  of  the  M Register  are  multiplied.  The  multiplica- 
tion is  performed  in  two  stages.  First  two  partial  products  are 
formed  and  held  in  the  MI  Register.  Then  on  the  next  cycle,  the 
partial  products  are  added  and  their  sum  can  be  loaded  into  the 
D Register.  Bits  0-11  can  also  be  loaded  into  the  D Register. 

Register  D can  be  loaded  from  any  of  seven  sources,  as  indicated 
by  bits  27-25.  See  Figure  A-6  for  the  bit  assignments. 

The  AM2901  microprocessor  output  can  be  directed  to  any  of  five 
destinations,  as  indicated  by  bits  18-16.  Two  bit  patterns, 
however,  are  also  used  for  other  purposes.  One  causes  the 
contents  of  the  D Register  to  be  written  into  t fie  Quantizer. 

The  other  causes  transfer  of  microoontrol.  (Unless  this  bit 
pattern  is  present,  microcontrol  passes  to  the  next  microinstruc- 
tion.) See  Figure  A-4  for  details  and  bit  assignments. 


134 


Figure  A-l.  Microinstruction  bit  assignments.  The  large  octal  numbers  are  field  numbers. 


ALU  SOURCE 
OPERANDS 


24  23  22 


ALU  Source  Operand  Control. 


MICRO  COOE 


30  29  28 1 


R Plus  S 
S Mirtu*  R 
R Minus  S 
ROR  S 
R ANDS 
RANDS 
R EX-OR  S 
R EX  NOR  S 


ALU  Function  Control. 


21  20  19  sr 


Q-REG. 

FUNCTION 

Y 

RAM 

SHIFTER 

Q 

I SHIFTER 

- 

Shift 

Load 

OUTPUT 

LEFT  ALU  I LEFT  I O-REG 

(DOWN)  I <Fj+i>  (DOWN)  <Qi*l» 


ALU 


RIGHT  ALU  RIGHT  I Q-REG 

(uf)  IP;— 1»  (up)  <Q,_ii 


RIGHT  ALU 

(UP)  (Fj_») 


X - Don't  cart.  Eltctrically,  the  shift  pm  is  a TTL  input  inttrnally  connactad  to  a thraa-stata  output  which  is  in  tha  high-impadanca  stata. 

ALU  Destination  Control. 


A*B  Q B A D*A  0*0 

A+Q41  A*B*1  Q*1  B*1  A*1  D*A*1  0*0*1  I D*1 


0-1  B-1  A-t  A-D-1  Q-D-1 


3  RORS 


4  RANDS 


5  ft  AND  8 J. 


• R EX-OR  S 


7 REX-NOR«  *v3 


bv  A 0 vQ 


► m Pius.  - • Minus;  V - OR;  A - AND;  y - EX  OR 

Source  Operand  end  ALU  Function  Matrix. 


Figure  A-3-  Bit  assignments  for  AM2901  source,  function  and 
destination  control  fields. 
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Field  13 

octal 

0 

1 

2 

3 

4 

5 

6 

7 


Notes:  n represents  an  octal  number. 

p represents  an  AM2901  expression. 

* Also  causes  D to  be  written  into  the  Quantizer. 
**  Causes  transfer  of  microprogram  control  to  0000 
or  breakpoint. 

tlf  bit  15  is  1,  AM2901  output  goes  nowhere  and 
Scratch  Memory  output  goes  to  M Register. 


Figure  A-4.  Bit  assignments  for  destination  of  AM2901  output. 


4 
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SECTION  III 


SOURCE  LANGUAGE  FORMAT 

source  language  for  the  Model  1240  Microassembler  is  in  ASCII 
format,  and  is  generally  taken  from  paper  tape.  Nulls,  line 
feeds  and  rubouts  are  ignored.  The  carriage  return  is  used  as 
a line  terminator.  Form  feeds  are  not  permitted. 

Each  line  of  source  language  generates  at  most  one  microinstruc- 
tion, and  must  not  be  any  longer  than  46  characters  (not  counting 
the  carriage  return  that  terminates  it).  Continuation  lines 
are  not  permitted. 

The  source  language  on  each  line  consists  of  items,  which  are 
logically  grouped  into  phrases,  and  optional  comments.  A list 
of  the  permitted  items  is  given  in  Figure  A-5- 

Almost  any  ASCII  string  enclosed  in  parentheses  is  treated  as 
a comment.  It  will  appear  in  the  assembler  listing  but  will 
not  affect  the  assembly  otherwise.  Comments  may  be  placed  any- 
where except  inside  items.  A comment  at  the  end  of  a line  does 
not  need  a right  parenthesis.  Comments  may  not  contain  carriage 
returns  or  right  parentheses.  Nulls,  rubouts  and  line  feeds 
will  not  appear  in  the  assembler  listing. 

Items  are  grouped  logically  into  phrases.  Items  within  a phrase 
must  be  in  a particular  order,  but  the  phrases  may  appear  in 
any  order. 

Items  should  be  separated  by  one  or  more  spaces,  but  spaces  are 
not  required  before  or  after  non- alphanumeric  characters. 

Phrases  may  be  separated  by  spaces  and/or  commas.  (Spaces  and 
commas  are  generally  ignored  except  as  item  terminators. ) 

The  item  ->  (formed  with  a minus  sign  and  a right  angle  bracket) 
may  be  used  interchangeably  with  — or  TO,  or  it  may  be  omitted. 


symbolic 

0 

0 

D 

Q 

Rnn 

M 

LIN 

RIN 

Tn 

S 

Snn 

nnnn 

LOUT 

ROUT 

T 

JUMP 


OR 

AND 

XOR 

CAND 

NXOR 

X 

-> 

TO 

SHIFTED 

ADDRESS 

PATCH 

END 


meaning 

Zero  (as  AM2901  operand  only) 
Zero  (as  AM2901  operand  only) 

D Register 
AM2901  Q Register 
AM2901  General  Register  nn 
M Register 
Left  Input  FIFO 
Right  Input  FIFO 
Quantizer  entry 
S Register 

Scratch  Memory  location  nn 
Microinstruction  Operand  is  nnnn 
Left  Output  FIFO 
Right  Output  FIFO 
T Register 

jump  to  0000  or  breakpoint 
AM2901  addition 
AM2901  subtraction 
AM2901  inclusive  "or" 

AM2901  "and" 

AM2901  exclusive  "or" 

AM2901  "mask"  (R*S) 

AM2901  "exclusive  nor"  (RvS) 

multiplied  by 

goes  to 

goes  to 

goes  to 

shifted  (divided  by  2) 
microcontrol  store  address 
patch  microinstruction  field 
end  of  source  language 


Figure  A-5.  Permitted  items  in  microassembler  source  language. 

Here  "n" , "nn"  and  "nnnn"  mean  a single  octal  digit , 
one  or  two  octal  digits,  and  four  octal  digits, 
respectively. 
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The  following  two-letter  abbreviations  may  be  substituted  for 
the  complete  mnemonics: 

abbreviation  complete  mnemonic 


LI 

LIN 

RI 

RIN  . 

LO 

LOUT 

RO 

ROUT 

JU 

JUMP 

AN 

AND 

XO 

XOR 

CA 

CAND 

NX 

NXOR 

SH 

SHIFTED 

AD 

ADDRESS 

PA 

PATCH 

EN 

END 

The  phrases  which  load  the  D Register  are  shown  in  Figure  6. 

If  no  such  phrase  appears  on  a line,  the  default  bit  pattern  0 
is  used. 

There  are  two  kinds  of  phrases  used  to  specify  the  AM2901  opera- 
tion and  the  destination  of  the  result: 

first  form:  r op  s ->  dest 
second  form:  -r+s  ->  dest 


Here  "op"  means  one  of  the  AM2901  operations  +,  -,  OR,  AND,  CAND, 
XOR  or  NXOR , "dest"  means  one  of  the  destinations  Rn,  Q,  Rn 
SHIFTED,  S,  T,  M,  LOUT  or  ROUT,  and  r and  s are  one  of  the 
permitted  combinations. 


r 

l 

0 

D 

D 

D 

Rn 

Rm 


s 

Q 

Rn 

0 

Q 

Rn 

Q 

Rn 
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If  the  last  combination  is  used  and  "dest"  specifies  a register, 
then  it  must  be  the  same  as  that  specified  by  s. 


Other  permitted  phrases  are  as 
meanings  are  clear. 

phrase 
S->  Sn 

D-,Tn 
Sn-,  M 

nnnn  X M 
nnnn-'-  D 
JUMP 

PATCH  nnnmm 


follows.  In  most  cases,  their 
meaning 

Write  S into  location  n of 
Scratch  Memory. 

Write  D to  Quantizer  Memory. 

Read  location  n in  Scratch 
Memory  to  D. 

Multiply  M by  nnnn. 

Load  nnnn  into  D. 

Jump  to  or  breakpoint. 

Patch  microinstruction  field. 


If  the  phrase  D->Tn  is  used,  then  the  output  of  the  AM2901  is 
routed  to  T.  Inconsistent  phrases,  such  as  Rj3+Rl->S,  may  not 
be  used  on  the  same  line.  A phrase  such  as  R0+Rl-> R1  is 
consistent  with  D->Tn,  however,  and  will  cause  R0+R1  to  be 
loaded  into  both  R1  and  T. 

The  JUMP  phrase  is  inconsistent  with  any  that  routes  the  AM2901 
output  anywhere  outside  the  AM2901. 

The  PATCH  nnnmm  phrase,  where  nnnmm  consists  of  from  one  to  five 
octal  digits,  is  used  to  generate  bit  patterns  which  cannot  be 
generated  in  any  other  way.  It  puts  the  octal  number  nnn  into 
field  mm  of  the  microinstruction,  as  shown  in  Figure  A-l.  Although 
it  may  not  be  possible  to  fill  field  16  this  way,  it  can  be 
filled  by  nnnn  X M.  WARNING:  Fields  06  and  07  are  also  used  as 
control  fields  in  some  combinations.  If  these  combinations  are 
created  by  PATCH  phrases,  a control  word  will  result. 

The  use  of  a PATCH  phrase  to  fill  a field  also  filled  by  a 
conventional  phrase  may  produce  an  error  flag  for  that  field. 
However,  MMMMMM  NNNNNN  PPPPPP  (and  the  object  tape)  will  contain 
the  bit  pattern  generated  by  the  PATCH  phrase. 
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it 


Field  10  - bits  27-25 

octal  phrase 

0 

1 Sn-N  D 

2 Sn-'-D  SHIFTED 

3 M->  D 

4 LIN-v  D 

5 RIN->  D 

6 Tn->  D 

7 nnnn-'-  D 


load  D from- 

(do  not  change  D) 

Scratch  Memory  output 
Scratch  Memory  output  * 2 
Adder  output 
Left  Input  FIFO 
Right  Input  FIFO 
Quantizer  output 
Microinstruction  Operand 


Notes  n represents  one  or  two  octal  digits, 
nnnn  represents  four  octal  digits. 


Figure  A-6.  Phrases  which  load  the  D Register 
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There  are  also  two  assembler  directives,  which  generate  control 
words.  Control  words  are  not  loaded  into  microcontrol  store, 
but  are  used  to  modify  the  microcontrol  store  address  or  to  end 
the  microprogram.  Only  comments  may  appear  on  the  same  lines 
with  assembler  directives. 

The  assembler  directive  ADDRESS  nnnn  generates  one  control  word 
with  field  06  = 1 , field  07  = 1102  and  field  16  = nnnn,  where 
nnnn  is  a 4-digit  octal  number.  It  causes  the  next  microinstruc- 
tion to  be  loaded  into  lo'cation  nnnn. 

The  assembler  directive  END  generates  one  control  word  with  field 
06  = 1 and  field  07  = lllg.  It  signals  the  end  of  the  source 
language. 

Repetitious  phrases  on  a single  line  are  permitted,  as  long  as 
they  are  consistent.  For  example,  the  phrases  S67->D,  S67->M, 
R0-R1->Q,  R0-R1->T  are  perfectly  acceptable  on  one  line.  However, 
S67->D,  ^137->  D will  be  flagged  as  an  error. 


SECTION  IV 


LISTING  FORMAT 

When  the  microassembler  is  run  in  the  listing  mode,  it  produces 
one  line  of  listing  in  the  following  format  for  each  line  of 
source  code: 

LLLL  MMMMMM  NNNNNN  PPPPPP  SSS S 

Here  LLLL  is  the  location  of  the  microinstruction  in  microcontrol 
store.  It  is  omitted  if  the  line  generated  a control  word.  The 
listing  fields  MMMMMM,  NNNNNN  and  PPPPPP  are  six-digit  octal 
representations  of  bits  47-32,  31-16  and  15-0  of  the  microin- 
struction (or  control  word),  respectively.  Notice  that  every 
field  except  fields  04  and  05  is  represented  by  one  or  more  octal 

digits  in  this  format.  The  listing  field  SSS S is  a copy  of 

the  line  of  source  language.  If  the  line  consisted  entirely  of 
comments,  it  will  be  the  only  listing  field. 

If  errors  are  detected,  a second  line  of  error  numbers  is  added. 

A complete  list  of  possible  errors  is  given  in  Figure  A-7*  An 
error  in  a particular  microinstruction  field  is  generally 
numbered  to  correspond  to  that  field.  Other  errors  are  numbered 
as  indicated.  A single  error  may  interfere  with  the  scanner  and 
generate  many  other  errors.  Since  the  microassembler  is  not 
designed  primarily  tc  detect  or  correct  errors,  some  errors  may 
escape  its  notice. 
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error  number 


description 


00 

Field  number  out  of  range 

in  PATCH 

01 

Scratch  Write  error 

02 

Scratch  Address  error 

03 

error  in  field  03 

04 

AM2901  A Address  error 

05 

AM2901  B Address  error 

06 

AM2901  Carry-In  error 

07 

AM2901  Function  error 

10 

error  in  data  to  be  loaded 

into  D 

11 

AM2901  Operand  error 

12 

AM2901  Destination  error 

13 

AM2901  Destination  error 

14 

Sn->  M error 

15 

Quantization  Select  error 

16 

Microinstruction  operand  error 

17 

too  many  items  on  one  line 

(25  maximum) 

20 

unrecognized  or  misplaced 

character 

21 

unrecognized  mnemonic 

22 

misplaced  item 

Figure  A-7.  Errors  detected  by  the  microassembler.  Most  error 

numbers  correspond  to  the  field  numbers  in  Figure  A-l. 
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SECTION  V 


OBJECT  TAPE  FORMAT 

When  the  microassembler  is  run  in  the  object  mode,  no  listing 
is  produced.  An  object  tape  is  punched  instead.  The  accompanying 
printout  is  not  generally  intelligible,  since  the  object  tape 
is  in  binary  format. 

Each  microinstruction  or  control  word  is  represented  by  six 
consecutive  8-bit  words  on  the  object  tape.  This  is  the  most 
compressed  form  available,  and  with  it  microcode  can  be  loaded 
at  a rate  of  about  100  microinstructions  per  minute. 

The  last  word  in  the  object  tape  is  a checksum. 

Error  messages  are  not  punched  into  the  object  tape. 
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SECTION  VI 


OPERATING  INSTRUCTIONS 

To  use  the  Model  1240  Microassembler,  first  load  it  in  the  usual 
way.  The  microassembler  will  type  out  its  name  (in  abbreviated 
form)  and  wait. 

To  initiate  the  listing  mode,  type  in  the  letter  "L",  pfut  the 
source  language  tape  into  the  reader,  and  turn  on  the  reader. 

To  initiate  the  object  mode,  first  turn  on  the  paper  tape  punch, 
then  type  in  the  letter  "0".  The  microassembler  will  punch  a 
length  of  leader  and  pause.  Then  put  in  the  source  language 
tape  and  turn  on  the  reader. 

In  either  case,  when  the  assembly  is  complete,  the  microassembler 
will  again  type  out  its  name.  Turn  off  the  reader  and/or  punch 
and  remove  the  source  language  and/or  object  tape.  To  perform 
another  assembly,  proceed  again  as  stated  above.  To  finish  the 
assembly  session,  type  in  the  letter  "S" . 

To  abort  an  assembly  in  either  mode,  simply  turn  off  the  reader 
and  then  type  in  (carriage  return)  END  (carriage  return). 
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APPENDIX  B 


DESCRIPTION  OF  SOFTWARE  SUPPLIED 
WITH  MODEL 
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Wright-Patterson  Air  Force  Base 
Ohio,  45433 
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SECTION  I 


INTRODUCTION 

The  1240  operating  system  uses  an  ASCII  teletype  (or  equivalent) 
to  communicate  with  the  operator.  It  can  accept  commands  from 
the  keyboard  or  from  paper  tape,  if  any,  and  does  not  distinguish 
between  these  two  sources.  When  accepting  commands  from  either 
source,  it  ignores  nulls  (blank  tape),  line  feeds  and  ru bouts, 
and  does  not  use  the  parity  bit. 

In  this  manual,  an  overscore  will  be  used  to  indicate  a control 
character,  i.e.  P is  the  character  generated  by  depressing  both 
the  control  and  "P"  keys. 

SECTION  II 
OPERATOR  COMMANDS 

A command  is  generally  a combination  of  letters  and  octal  numbers. 
The  letters  may , and  the  numbers  must , be  separated  by  one  or 
more  spaces.  The  octal  numbers  may  be  of  any  length,  but  only 
the  rightmost  digits  are  significant. 

There  are  three  kinds  of  commands: 

1.  "type"  commands,  which  usually  begin  with  the  letter 
"T"  and  cause  the  system  to  type  out  specified  registers 
or  other  information. 

2.  "change"  commands,  which  begin  with  the  letter  "C"  and 
cause  the  system  to  change  the  contents  of  specified 
registers,  flags,  etc. 

3.  "action"  commands,  which  cause  the  microprocessor  or 
system  to  take  specified  actions. 


2 . 1 General  Commands 

2.1.1  Echo 

Ordinarily,  characters  typed  or  read  in  will  be  echoed  on  the 
teletype  printer.  If  F character  is  typed  in,  the  echo  will  be 
inhibited,  except  that  the  bell  will  still  ring.  This  feature 
is  normally  used  when  prepared  sequences  of  commands  are  entered 
from  paper  tape  and  the  echo  is  not  wanted.  The  echo  can  be 
restored  by  typing  or  reading  E. 
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2.1.2  Ditto 

If  D ("ditto")  is  typed  or  read  in,  it  will  be  interpreted  as 
being  the  same  as  the  character  typed  on  the  line  directly  above 
and  will  be  echoed  as  such  if  the  echo  feature  is  enabled,  as 
shown  below. 

operator  types;  system  echos: 

(#45  0 0 123^  (#45  0 0 123  2 

DD5DDDDDDDD4i  (#55  0 0 124  ? 

2.1.3  Abort 

Each  command  normally  occupies  one  line  and  is  terminated  by  a 
carriage  return.  (A  few  exceptional  commands  are  single  control 
characters.)  The  system  echos  the  command  as  it  is  entered,  as 
long  as  the  characters  typed  are  part  of  a valid  command.  As 
soon  as  this  condition  is  violated,  the  bell  is  rung  and  the 
offending  character  is  not  echoed.  The  system  takes  no  other 
action  until  the  carriage  return  is  typed.  The  carriage  return 
is  not  always  echoed  immediately — if  the  command  produces  output, 
it  will  normally  be  typed  on  the  same  line  before  the  carriage 
return  is  echoed.  If  the  command  is  recognized  as  invalid  only 
after  the  carriage  return  is  typed,  a question  mark  is  echoed. 

The  command  may  be  aborted  by  typing  X.  There  is  no  provision 
for  deleting  individual  characters. 

2.1.4  Comments 

If  a semicolon  is  typed,  it  and  everything  up  to  the  next  carriage 
return,  X or  P (whose  function  is  described  elsewhere)  are  echoed 
but  are  otherwise  ignored.  This  feature  is  used  to  insert 
comments  into  the  command  listing. 


2 . 2  Type  Commands 

2.2.1  TUn3 

Type  the  contents  of  UNIBUS  location  n,  where  n must  be  even. 

2.2.2  TUntn2P 

Type  the  contents  of  UNIBUS  locations  n to  n2 , inclusive.  The 
listing  can  be  aborted  by  typing  in  a carriage  return,  except 
when  the  system  is  in  the  "paper  tape"  mode. 

2.2.3  TU  3 

Type  the  address  and  contents  of  UNIBUS  location  n+2,  where  n is 
the  address  of  the  last  location  typed. 

2.2.4  Mi) 

Type  the  number  of  the  microprocessor  currently  connected  to  the 
operating  system. 

2.2.5  Tn3 

Type  the  contents  of  control  store  location  n in  octal,  partitioned 
into  three  l6-bit  parts  as  in  a microassembler  listing. 

2.2.6  Ti 

Type  the  address  and  contents  of  control  store  location  n+1,  where 
n is  the  address  of  the  last  control  store  location  typed. 

2.2.7  Tr  2 

Type  register  r,  where  r may  be  as  follows: 


r 

meaning 

comments 

A 

address  register 

D 

D register 

type 

only 

S 

S register 

type 

only 

I 

input  FIFO 

type 

last 

value 

deposited 

J 

output  FIFO 

type 

only 

B 

breakpoint 

type 

last 

value 

deposited 

P 

control  & status 

X 

source 

type 

last 

value 

deposited 

Y 

destination 

type 

last 

value 

deposited 
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Where  a register  cannot  be  read,  the  value  typed  is  the  last 
value  deposited  by  a Crn  command,  and  is  followed  by  an  asterisk. 


2.2.8  TIM 2 or  TJM $ 

Type  the  mode  of  the  Input  FIFO  (P  for  "pixel",  w for  "word" 
as  in  the  CxM  commands),  or  the  Output  FIFO,  respectively. 

2.2.9  Li 

Type  "D"  or  "E"  to  indicate  whether  the  listing  feature  is  dis- 
abled or  enabled. 

2.2.10  R*> 

Type  "F"  or  "S"  to  indicate  whether  the  free-running  or  step 
mode  is  selected,  respectively. 

2 . 3  Change  Commands 
2.3*1  CUn1n2 P 

Deposit  n2  into  UNIBUS  location  n^ . 

2.3.2  Mn  1 

Connect  the  operating  system  to  microprocessor  number  n,  where 
n = 1 or  2.  The  following  commands  refer  to  the  microprocessor 
which  is  connected  in  this  way.  The  connection  persists  until 
changed. 

2.3.3  Crn } 

Deposit  n into  register  r where  r is  defined  as  in  Section  2.2.7. 

2.3.4  CxMP?  or  CxMW 

Change  mode  of  x to  "pixel"  (8-bit)  or  "word"  (12-bit),  respec- 
tively, where  x is  I for  the  Input  FIFO  and  J for  the  Output  FIFO. 

2-3.5  Cn^ngn^n^  ? 


Deposit  n2n^n^  into  control  store  location  n^ 


2.4  Action  Commands 

2.4.1  OSOPD ) 

Disable  the  operating  system  overstore  protection  so  the  system 
can  be  patched  with  CUn^rx^  commands. 

2.4.2  OSOPJ 

Restore  the  operating  system  overstore  protection. 

2.4.3  SNAP  <?  or  S i 

Take  a picture  and  store  it  in  Frame  Store  Memory. 

2.4.4  PTB  ^ 

Begin  "paper  tape"  mode.  This  mode  is  used  when  commands  such 
as  TUn^ng  are  read  from  paper  tape. 

2.4.5  PT  2 

End  "paper  tape"  mode. 

2.4.6  EXIT  3 

Exit  from  the  operating  system  and  halt.  When  the  "continue" 
button  is  pressed,  the  Absolute  Loader  is  actuated. 

2.4.7  JSRn^  or  JSRn^n2  j or  JSRn^ngn^  2 

Jump  to  a user-coded  subroutine  whose  entry  address  in  n^.  The 
subroutine  can  return  to  the  operating  system  by  executing  a 
RTS  %7  instruction.  When  additional  numbers  are  typed  in,  the 
subroutine  can  reference  n 2 as  (%5)  and  n^  as  2(#5)- 

2.4.8  BDi>  or  BE  3 

Disable  or  enable  the  breakpoint  feature,  respectively. 

2.4.9  JZ  P or  JBl 

Jump  to  zero  or  to  the  breakpoint,  respectively. 

2.4.10  LD3  or  LE  2 

Disable  or  enable  the  listing  feature,  respectively. 
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2.4.11  RF  « or  RS  « 

Select  the  free-running  or  step  mode,  respectively. 


2.4.12  <control  P> 

Master  clear  the  microprocessor. 

2.4.13  ^control  G> 

Start  the  microprocessor.  If  the  step  mode  is  selected,  the 
microprocessor  will  halt  after  one  step.  If  the  free-running 
mode  is  selected,  it  will  run  until  it  is  halted.  If  the  list- 
ing feature  is  enabled,  the  address,  microinstruction,  and  D 
register  contents  as  altered  by  the  microinstruction  will  be 
typed  for  each  microinstruction.  If  the  listing  feature  is 
enabled  in  the  free-running  mode,  the  listing  may  be  aborted 
by  typing  a carriage  return,  except  when  the  system  is  in  the 
"paper  tape"  mode. 

2.4.14  XQTn1n2n_i! 

Execute  the  microinstruction  by  loading  it  into  control  store, 
stepping  the  microprocessor,  and  then  restoring  the  original 
contents  of  control  store.  The  quantizer  cannot  be  loaded  in 
this  manner,  since  quantizer  loading  instructions  are  pipelined 
in  such  a way  that  they  cannot  be  executed  singly. 

2.4.13  LQT  H 

Load  the  quantizer  from  core  memory  according  to  the  following 
maps 

Core  Location  of  Table  Entry  with  - 
Table  Lowest  (Negative)  Address  Highest  (Positive)  Address 


0 

10000 

10176 

1 

10200 

10376 

2 

10400 

10576 

3 

10600 

10776 

4 

11000 

11176 

5 

11200 

11376 

6 

11400 

11576 

7 

11600 

12576 

The  table  entry  is  stored  in  the  six  least  significant  bits  of 
the  indicated  core  location.  Other  core  bits  are  ignored. 

When  the  operating  system  is  loaded,  this  core  area  is  filled 
as  shown  in  Attachment  1.  It  may  be  altered  with  the  CUn^ng 
command,  punched  out  with  the  Absolute  Punch,  and  reloaded  with 
the  Absolute  Loader. 

2.4.16  DUMP J 

Type  out  the  contents  of  the  address,  D,  S and  Q registers, 

Am2901  internal  registers  RO  to  R17 , and  Scratch  Pad  Memory 
locations  SO  to  S77 , respectively.  The  registers  and  Scratch 
Pad  Memory  locations  are  restored  after  the  dump.  The  listing 
cannot  be  aborted. 

2.4.17  LMPn^ 

Load  a microassembler  object  tape  from  the  high-speed  reader 
into  control  store,  incrementing  all  addresses  by  n.  If  n is 
omitted,  it  is  taken  to  be  zero.  The  operating  system  will  type 
out  the  bottom  and  top  addresses  of  the  segments  loaded. 

2.5  Messages  to  the  Operator 
2.  5.1 

The  message  "BAD  ADDRESS"  means  that  an  attempt  has  been  made 
to  reference  an  odd  or  nonexistent  UNIBUS  location  or  a nonexist- 
ent microprocessor  or  register,  or  to  write  into  a read-only 
register  or  memory  location. 

2.5.2 

The  message  "RUNNING"  means  that  an  attempt  has  been  made  to  read 
the  S or  D register  of  a microprocessor  or  change  its  configura- 
tion while  it  is  running.  When  run  status  is  requested,  however, 
this  is  not  an  error  message,  but  merely  indicates  that  the 
microprocessor  is  running. 
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TABLE  B-l 


COMMAND  INDEX 


Section 

Command  (N) 

Types  out 

Notes 

2.2.1 

TUn 

UNIBUS  location  n 

(U) 

2.2.2 

TUnln2 

UNIBUS  locations  n^  to  n ^ 

( U) , (A  ) 

2.2.3 

TU 

UNIBUS  location  n+2 

(X) ,(U) 

2.2.4 

M 

number  of  current  micro- 
processor 

2.2.5 

Tn 

microinstruction  at  location  n 

( I ) ( H) 

2.2.6 

T 

microinstruction  at  location 
n+1 

(x),(i) 

(H) 

2.2.7 

TD 

microprocessor  D register 

(H) 

2.2.7 

TS 

microprocessor  S register 

(H) 

2.2.7 

TP 

microprocessor  control  and 
status 

2.2.7 

TI 

last  word  pushed  into 
input  FIFO 

(*) 

2.2.7 

TJ 

word  popped  from  output  FIFO 

(P) 

2.2.7 

TB 

microprocessor  breakpoint 

(*) 

2.2.7 

TX 

source  control 

(*) 

2.2.7 

TY 

destination  control 

(*) 

2.2.7 

TA 

address  of  current  micro- 
instruction 

( H)  ( E) 

2.2.8 

TIM 

input  FIFO  mode  CP  or  W) 

2.2.8 

TJM 

output  FIFO  mode  (P  or  W) 

2.2.9 

L 

listing  status  of  current  m 
microprocessor  (E  or  D) 

2.2.10 

R 

run  status  of  current 
microprocessor  (F  or  S) 
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TABLE  B-l 


COMMAND  INDEX 
(continued) 


Section 

Command (N) 

Changes 

To 

Notes 

2.3.1 

CUn^^ 

UNIBUS  location  nj 

n2 

(U) 

2.3.2 

Mn 

current  micro- 
processor 

n(l  or  2) 

2.3.3 

Crn 

2.30 

CIn 

input  FIFO  mode 

n 

(Q).(H) 

2.3.3 

CPn 

microprocessor 
control  & status 

n 

(H) 

2.3-3 

CBn 

microprocessor 

breakpoint 

n 

(H) 

2.3.3 

CXn 

source  control 

n 

(H) 

2.3.3 

CYn 

destination 

control 

n 

(H) 

2.3.3 

CAn 

current  micro- 
instruction address 

n 

(H).(E) 

2.3.4 

CIMP 

input  FIFO  mode 

pixel 

(H) 

2.3.4 

CIMW 

input  FIFO  mode 

word 

(H) 

2.3.4 

CJMP 

output  FIFO  mode 

pixel 

(H) 

2.3.4 

CJMW 

output  FIFO  mode 

word 

(H) 

2.3.5 

Cnln2n3n4 

microinstruction 
at  location  n^ 

n2n3n4 

(H).(I) 



TABLE  B-l 


COMMAND  INDEX 
( continued) 


Section 

Command(N) 

Does 

Notes 

2.4.1 

OSOPD 

overstore  protection 

disabled 

2.4.2 

OSOP 

overstore  protection 

enabled 

2.4.3 

SNAP 

take  a picture 

2.4.4 

PT 

begin  paper  tape 
commands 

2.4.5 

PTE 

end  paper  tape 
commands 

2.4.6 

EXIT 

exit  from  operating 
system 

2.4.7 

JSR 

jump  to  user  coded 
subroutine 

2.4.8 

BD 

breakpoint 

disabled 

(H) 

2.4.8 

BE 

breakpoint 

enabled 

(H) 

2.4.9 

JZ 

jump  status 

zero 

(K, 

2.4.9 

JB 

jump  status 

breakpoint 

(H) 

2.4.10 

LE 

listing  status 

listing 

(H) 

2.4.10 

LD 

listing  status 

no  listing 

(H) 

2.4.11 

RF 

run  status 

free 

(H) 

2.4.11 

RS 

run  status 

single  step 

(H) 

2.4.12 

P 

master  clears 
microprocessor 

(C) 

2.4.13 

G 

starts  or  steps 
microprocessor 

(C) 

2.4. 14 

XQTn^gn^ 

executes  micro- 
instruction n^ngn^ 

(I) » (H) 

2.4.15 

LQT 

load  quantizer  tables 

(H) 

2.4.16 

DUMP 

dump  microprocessor 
contents 

(HMD) 

2.4.17 

LMP 

load  microprogram 
from  paper  tape 

(H) 
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Notes  to  Command  Table 


n.n^ ,n2 ,n^ ,n^  indicate  octal  numbers,  separated  by 
spaces  if  necessary 

The  UNIBUS  locations  must  be  even  and  represent  whole 
words.  Special  registers  usually  have  UNIBUS  locations, 
but  they  should  not  be  handled  by  this  command  because 
of  possible  interference  with  system  error  protection 
features . 

The  listing  produced  by  this  command  may  be  aborted  by 
typing  X. 

Microprocessor  must  be  halted. 

The  word  typed  out  is  not  actually  read  from  the  hardware 
register  in  which  i+  "esides.  It  is  a copy  of  what  was 
last  written  out,  and  is  followed  by  an  asterisk. 

The  output  FIFO  is  popped  when  this  command  is  executed. 
If  it  is  empty,  an  appropriate  message  will  appear. 

The  microinstruction  format  is  AAAA  BBEB  CCCC,  where 
AAAA,  BBBB  and  CCCC  represent  bits  47-32,  31-16  and 
15-0,  respectively. 

Here  n is  the  address  last  typed. 

Pushes  n into  input  FIFO.  If  the  FIFO  is  already  full, 
an  appropriate  message  will  appear. 

A one-character  command  not  necessarily  followed  by  a 
carriage  return. 

Types  out  microprocessor  D,  S and  Q registers,  general 
registers  R0-R17  and  scratch  memory  registers  S0-Syy , 
in  that  order. 

The  "current"  microinstruction  is  the  first  one  to  be 
executed  when  the  microprocessor  is  started. 


SECTION  III 


OPERATING  PROCEDURES 


3.1  Applying  Power 

Apply  power  as  indicated  in  Table  B-2. 

TABLE  B-2 


POWER-UP  SEQUENCE 


Step 

Action 

Location 

Indication 

1 

Switch  on  Camera 

Rear  of  Camera 
Housing 

Red  Lamp  will 

Light 

2 

Switch  on  TTY 

TTY 

3 

Connect  System  to 

AC  power 

Rear  of  Rack 

4 

Switch  on  "AC  MAIN" 

AC  Panel 
(119510) 

Amber  Lamp  will 
Light 

5 

Switch  on  "ADC" 

DC  Panel 
(119520) 

Red  Lamp  will 

Light 

6 

Switch  on  "TVI" 

DC  Panel 
(119520) 

Red  Lamp  will 

Light 

7 

Switch  on  "FSM" 

DC  Panel 
(119520) 

Red  Lamp  will 

Light 

8 

Switch  on  "MP" 

DC  Panel 
(119520) 

Red  Lamp  will 

Light 

9 

Switch  on  Expansion 
Box 

Expansion  Box 

Red  Lamp  will 

Light 

10 

Switch  CPU  to 
"DC  ON" 

CPU 

"DC  ON"  will 

Light 

11 

Switch  on  H.S. 

Tape  Reader 

H.S.  Tape 

Reader 

12 

Switch  on  Monitor 

Inside  Door  of 
Monitor 

Note 

Reverse  order  of  steps  when  turning  system  off. 

3.2  Start-Up  Procedure 

3.2.1  Loading  the  Absolute  Loader 

Boot  the  CPU  from  the  front  panel.  Put  the  ABSOLUTE  LOADER  -HS 
PATCH  tape  into  the  teletype  reader  (not  the  high-speed  reader). 
Notice  that  the  leader  portion  of  this  tape  does  not  consist  of 
nulls.  Turn  on  the  reader  and  type  in  TT?. 


The  teletype  reader  will  read  to  the  blank  area  in  the  middle 
of  the  tape  and  halt.  Press  the  "continue"  button  on  the  front 
panel.  The  Teletype  reader  will  read  to  the  blank  area  at  the 
end  of  tape,  but  it  will  not  halt.  As  soon  as  it  reaches  the 
blank  area  at  the  end  of  tape,  halt  the  CPU  and  make  the  follow- 
ing patches: 

deposit  OOOI67  into  location  77620 
deposit  177454  into  looation  77 622 

3-2.2  Loading  the  Operating  System 

Put  the  Operating  System  tape  into  the  high-speed  reader  and 
start  the  CPU  at  location  077500  (the  Absolute  Loader).  The 
computer  should  read  the  entire  tape  and  then  halt . If  it  halts 
before  the  end  of  tape,  or  if  it  reads  to  the  end  of  tape  but 
does  not  halt,  load  the  Operating  System  tape  again.  Other 
segments  can  be  loaded  in  the  same  way. 

Start  the  Operating  System  at  location  000000.  It  will  respond 
by  typing  out  its  name.  Both  microprocessors  will  be  master 
cleared . 

The  Operating  System  can  be  manually  restarted  at  location  000000 
or  at  location  005074.  When  restarted  at  000000,  it  will  master 
clear  both  microprocessors,  but  options  previously  set  will  not 
be  affected.  When  restarted  at  005074,  it  will  be  ready  to 
accept  commands,  but  nothing  will  be  done  to  the  microprocessors. 

The  Operating  System  is  then  prepared  to  accept  commands  from 
the  Teletype  keyboard. 

3.3  Writing  Routines  to  be  Used  With  the  Operating  System 
User-coded  routines  can  be  called  by  the  Operating  System  by 
means  of  the  JSR  command.  Return  to  the  operating  system  can 
be  accomplished  by  an  RTS  #7  or  a TRAP  20  instruction. 
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A user-coded  routine  can  access  many  registers  and  flags  in  the 
microprocessors  and  Operating  System  as  shown  in  Table  B-3. 

The  TRAP  instruction  is  used  by  the  Operating  System  to  access 
many  of  its  own  subroutines.  Those  which  can  be  used  to  good 
advantage  by  user-coded  subroutines  are  described  in  detail  in 
the  remainder  of  this  section. 

TRAP  0 

Read  or  accept  a character  from  the  teletype  reader  or  keyboard 
into  the  less  significant  byte  of  R0  and  clear  the  other  byte. 
Do  not  process  special  characters.  Usually  used  for  reading 
binary  tapes. 

TRAP  2 

Type,  or  type  and  punch,  the  character  in  the  less  significant 
byte  of  R0.  Usually  used  for  punching  binary  tapes. 

TRAP  4 

Read  or  accept  a character  from  the  teletype  reader  or  keyboard 
into  bits  7-0  of  R0.  Clear  the  parity  bit.  Ignore  nulls,  line 
feeds  and  rubouts.  Process  the  special  characters  <:control  D>, 
^control  E>  and  <control  F^. 

TRAP  6 

Type  the  characters  in  bits  7-0  of  R0.  Inhibit  output  if  this 
option  is  in  effect.  Supply  a line  feed  after  each  carriage 
return. 

TRAP  10 

•BYTE  c^ ,a^~ . 

.BYTE  c2*a2-’ 


• BYTE  f • 

.BYTE  0,a-. 


TABLE  B-3 

REGISTERS  AND  FLAGS 


Current 

Action 

MP1 

MP2 

MP 

master  clear  (w) 

CLR  164000 

CLR  l640'40' 

CLR  @ 

1000 

start  (w) 

CLR  164020 

CLR  164060 

CLR  @ 

1020 

halt  (w) 

CLR  164002 

CLR  164042 

CLR  @ 

1022 

D register  (R) 

164000 

164040 

@ 

1000 

S register  (R) 

164004 

164044 

@ 

1004 

Source  register  (w) 

164012 

164052 

@ 

1012 

Dest.  register  (w) 

164010 

164050 

@ 

1016 

Input  FIFO  (w) 

164016 

164056 

@ 

1016 

Output  FIFO  (R) 

16401 6 

164056 

@ 

1016 

Control  & Status 

164^22 

164062 

@ 

1022 

Breakpoint  (w) 

164026 

164066 

@ 

1026 

Microinst.  address 

164030 

164070 

@ 

1030 

Microinst.  bits  15-0 

164032 

164072 

@ 

1032 

Microinst.  bits  31-16 

164034 

164074 

@ 

1034 

Microinst.  bits  47-32 

l640'36 

164076 

@ 

1036 

run  option  (P) 

1074 

1114 

@ 

1054 

list  option  (Q) 

1076 

1116 

@ 

1056 

(R)  = read  only 

(w)  = write  only 

(P)  = ASCII  "F"  or  "S" 

(Q)  = ASCII  "D"  or  "E" 

If  (R/)  = c^,  branch  to  a^;  otherwise  branch  to  a.  Note  c ^ = / 
is  permitted.  Usually  used  to  branch  on  characters,  since  bit 
7 of  R0  must  be  zero.  Note  afc-.  must  be  nonnegative;  only 
forward  branches  are  allowed. 

TRAP  12 

Type  a carriage  return  and  line  feed. 

TRAP  14 
+ pointer 
+n 

Type  a space  and  then  n octal  digits  of  data,  where  "pointer” 
is  the  address  of  the  address  of  the  data. 

TRAP  16 

.ASCII  /message/ 

.BYTE  0 
.EVEN 

Type  the  message,  which  is  any  string  of  ASCII  characters  not 
containing  a null. 

JSR  %5,  64/6 

Read  a character  from  the  high  speed  reader  into  the  less  signi- 
ficant byte  of  R/  and  clear  the  other  byte. 

JSR  %5,  5726 
.WORD  (bits  47-32) 

.WORD  (bits  31-16) 

.WORD  (bits  15-0) 

Load  the  microinstruction  from  the  calling  sequence  into  location 
0 of  the  current  microprocessor,  execute  it,  and  then  restore 
location  0. 
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3.4  Image  Compression 

3.4.1  Operation 

1.  Load  the  Operating  System  in  the  manner  set  forth  in 
Section  3.2.2. 

2.  Load  the  forward  and  inverse  transforms  into  micro- 
processors 1 and  2,  respectively,  with  LMP  commands.'  ' 

3-  Load  the  Quantizer  in  microprocessor  1 with  the  LQT 
instruction. 

4.  Load  the  forward  and  inverse  transform  patches  for  the 
desired  compression  mode  into  microprocessors  1 and  2, 
respectively,  with  LMP  commands  (otherwise  no  compression 
will  occur) . 

5*  Type  JSR  13^00 i to  start  the  microprocessors.  Type  a 
second  carriage  return  to  stop  the  microprocessors  and 
return  to  the  Operating  System. 

6.  To  change  to  a different  mode  of  compression,  start 
over  again  at  step  4. 

3.4.2  Forward  DOT 
3.4.2. 1 Method 

The  pixels  gQ,g^, . . . .g^  come  in  through  the  Input  FIFO's  in 
that  order.  Pixels  with  even  subscripts  (gQ ,g2 ,g^. . . ,g^Q)  come 
in  through  the  right  FIFO  and  other  pixels  come  in  through  the 
left  FIFO.  Therefore,  the  Input  FIFO  must  be  in  the  pixel  mode. 

The  (scaled)  DOT  is  computed: 

\ = l£0  cos  [(j+£)kej 

k = 0,1,... ,31 

e = r</32 
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According  to  the  Data/Ware  algorithm, 

Ak  = Re(w^kBfc),  k = 0,1 1 6 

A32-k  = k = 1,2 15 


where  BQ , , B2 , . . . , are  the  DFT  (discrete  Fourier  transform) 
of  the  pixels  in  a different  order,  viz.,  gQ.gg.g^ g30,g3l’ 

The  verification  of  this  fact  is  straightforward. 

The  coefficients  B^  are  calculated  by  a modification  of  the 
Fast  Fourier  transform  which  takes'  advantage  of  the  fact  that 
the  input  data  are  real.  This  method  computes  only  the  coeffi- 
cients BQ  through  B^.  The  other  coefficients  are  their  con- 
jugates, and  are  not  used  in  the  DCT  calculation  in  any  event. 

The  DFT  coefficients  used  in  the  calculations  are  listed  in 
Figure  B-l. 

3. 4. 2. 2 Calculations 

The  coefficients  IQ ,1^ , Ig , JQ, , . . . ,P^ ,P2  of  DFT ’ s of  length  4 
are  first  computed  directly  from  the  definition.  The  DFT 
coefficients  of  a,b,c,d  are  (a+c)+(b+d) , (a-c)+(d-b)i,  (a+c)-(b+d), 
respectively.  The  results  are  stored  as  indicated  in  column  (A) 
of  Figure  2.  The  real  parts  of  I.  , , . . . ,Pj,  are  stored  in 

R0-R17  and  S20-S37 > the  imaginary  parts  are  stored  in  S0-S17. 

The  negatives  of  Jg.Ng.Lg  and  P2  are  s'tored  for  convenience  in 
later  processing,  instead  of  and  ^2  *hemselves. 


The  DFT's  of  length  8 are  computed  from  the  DFT's  of  length  4 
by  means  of  the  FFT  algorithm,  modified  to  take  advantage  of 
the  symmetries  created  by  real  data  (see  Section  3*4.6).  The 
results  are  stored  as  indicated  in  column  (B)  of  Figure  B-2. 

Real  parts  of  complex  coefficients  are  generally  stored  in 
R0-R17  and  S20-SJ7 , imaginary  parts  are  stored  in  S0-S17.  The 
exceptions  are  noted.  Only  45°  butterflies  are  used  in  this  step. 
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The  DFT's  of  length  16  are  then  computed  from  the  DFT's  of 
length  8 by  the  "next  column  of  butterflies",  and  the  results 
are  stored  as  indicated  in  column  (C)  of  Figure  2. 

Then  BQ , , . . . , are  computed  by  the  "last  column  of  butter- 
flies", and  are  stored  as  indicated  in  column  (D)  of  Figure  2. 

Finally , A^  , AQ , A^  , A^  , Ag  , A^q  , A^ . A29  > A^ . Ag8  , A^,  Ag^  , Ag  , Agg  , A?  , Ag^ , 

A8 ,A24’ A9 ’ A23 ’ A10 ’ A22 ’ A11 ’ A21 ’ A12 ' A20 ’ A13 ’ A19 ’ Al4 ’ Al8 ’ A15 ’ A17 
are  computed,  in  that  order.  As  each  DCT  coefficient  is  computed, 
a DPCM  is  performed  on  it  and  the  result  is  sent  to  the  Output 
FIFO  in  12-bit  form,  except  for  Agg.Ag^.A^Q  and  A^ , which  are 
computed  but  not  sent  to  the  Output  FIFO.  Therefore,  the  Output 
FIFO  must  be  in  the  word  mode. 

3.4.2. 3 Forward  DCT- Scaling 

Each  pixel  g.  is  in  the  range  0±g.,£63.  Hence 
J J 

0 4 63  = 1953 
and  for  k / 0 

Ak  = (gj-31.5)  cos|jj+i)k©J 

+31*5  cos  [jj+i)ko] 

= Xj=o  (Sj -31-5)  cos[(j+i)keJ 
I \l£l]=o  31-5  = 976.5 

The  intermediate  DFT  coefficients  are  within  the  same  or  tighter 
bounds,  so  there  is  no  overflow  with  12-bit  arithmetic,  which 
can  handle  integers  from  -2048  to  +2047,  inclusive. 
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3.4.1  Forward  DPCM 
3.4. 3-1  Method 

The  DPCM  is  illustrated  in  Figure  B-3.  The  value  of  oc  currently- 
used  is  O.95.  Scratch  memory  location  40g+k  is  used  to  hold 
the  stored  value  of  A^.  Quantization  is  assigned  as  indicated 
in  Figure  4 when  the  system  is  run  in  the  data  compression  mode. 
When  not  in  this  mode,  the  system  uses  Quantizer  table  3 for 
all  coefficients.  The  contents  of  the  quantization  tables 
used  are  shown  in  Figure  B-5. 

3. 4.3. 2 Scaling 

To  prove  that  overflow  will  not  occur  in  the  DPCM  calculations 
is  a little  more  difficult.  If  x represents  the  contents  of 
the  scratch  storage  location  corresponding  to  A^.  the  DPCM 
calculations  are 

f(x)  = Q(Ak~ocx)  + ocx  — >x 

where  Q(z)  is  the  output  of  the  quantization  table  when  the 
input  is  z . 

The  initial  value  of  x is  quite  arbitrary,  so  A^-ocx  may  overflow 
until  the  DPCM  has  settled.  The  values  of  x could  conceivably 
oscillate  in  such  a way  that  A^-ocx  always  overflows,  but  this 
is  very  unlikely.  (It  can  be  prevented  by  initializing  x to 
zero.)  For  coefficients  other  than  AQ,  the  attenuation  factor 
will  eventually  bring  x into  the  range  -10?l€  xs  1071.  It  must 
now  be  shown  that  x will  remain  there,  and  hence  Ak-ocx  cannot 
overflow. 

Since  Q is  a nondecreasing  function,  the  maximum  value  of  f(x) 
ia  attained  when  * 976,  its  maximum  value.  In  this  case 

f ■ * Q<  976  - *x ) ♦ etx 

« «i  - (976  - ♦ 976 
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the  maximum  value  of  the  expression  in  brackets  is  79,  and  it 
is  attained  when  x = 1071  and  Table  0 is  used.  Hence  f(x)£.1055# 

Similarly,  the  minimum  value  of  f(x)  is  attained  when  A^  = -976  > 
and 

f(x)  = [q(-976-kx)-(-976-«x)J  -976 

The  minimum  value  is  attained  when  Table  0 is  used  and  x = -1071 
Hence 

f(x)2  -1055 

The  coefficiecnt  AQ  is  special.  In  this  case  x must  be  in  the 
range  -9^x  5 2048  in  order  that  AQ-ecx  will  not  overflow.  As 
before  f(x)  is  maximized  when 

f ( x ) = [q(1953-ocx)-(1953-ccx)J  +1953 

which  occurs  when  x = 2048  and  Table  0 is  used,  and  hence 
f (x) £ 2032 . Similarly,  f(x)  is  minimized  when 

f ( x ) = Q ( -«x ) - ( -ocx ) 

which  occurs  when  x = -94  and  Table  0 is  used,  and  hence 
f(x)>  -78. 

3.4.4  Inverse  DPCM 

The  inverse  DPCM  involves  only  calculations  already  performed 
for  the  forward  DPCM,  so  there  is  no  overflow.  The  inverse 

DPCM  reconstructs  Aq,Aj Agr,  and  stores  them  in  Scratch 

Memory  locations  S40  through  S77.  respectively. 

3.4.5  Inverse  DCT 

The  inverse  DCT  is  computed  by  reversing  all  the  computations 
done  for  the  forward  DCT.  However,  some  scaling  is  done  to  keep 
the  results  from  overflowing.  The  basic  butterfly  derived  in 
Section  3.4.6, 
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A#N  = BiN_i  C#N 
\ = \+*'\ 

AN-k  " V»'\ 

can  easily  be  reversed: 

B0  = ^A0+AN^’  C0  = 2(Aq-An) 

BiN  = ReAfN’  CiN  = _ImAiN 
\ = l(Ak+AN_k) 

Ck  = ^wk(\“AN-k) 

Since  division  by  2 is  time-consuming,  the  inverse  butterflies 
compute  2Bq,  2Cq,  2B^n,  2C^n»  2Bfc  and  20^.  In  the  inverse  final 

rotations,  all  sines  and  cosines  are  divided  by  4,  so  that 
iBQ,  iBlt  ....  iB^  are  computed  from  the  stored  values  of 

Aq,  A ^ , , . . , Agr,,  with  A^g,  Agg,  A^Q  and  A^  taken  to  be  zero. 

Figure  2 shows  how  the  scaled  reconstructed  coefficients  are 
stored.  Column  (E)  represents  the  storage  after  the  inverse 
final  rotations.  Columns  (F),  (G)  and  (H)  represent  the  results 
of  the  three  groups  of  butterflies. 

The  last  butterflies  are  computed  from  formulas  of  the  form 

8g0  = 2IQ+2I2+4ReI1 
8g31  = 2I0+2I2-4ReI1 
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These  symbols 

represent  the  low-frequency  coefficients 
the  DFT  of : 

VBi6 

g0- 

g2 ’ S4 > • * • >g^o ,g3i ,g29’g27 ’ * " * ,gl 

o 

o 

o 

00 

g0  > 

g4’g8 g28’g31’g27,g23 g3 

D0"D8 

g2  • 

g6,g10’ ’ * ‘ ,g30 ,g29,g25’g21 gl 

VE4 

g0 ' 

g8 ,gl6 ,g24’g3i ,g23,gl5,g7 

fo-f4 

gq,  ’ 

g12  ,g20  ,g28  ,g27  ,gi9  ,gn  ’S-j 

G0"G4 

g2  ’ 

gl0’gi8 ’g26 ,g29 ,g21 ,g13 ,g5 

H0-H4 

g6  ’ 

gl4,g22 ,g30 ,g25’g17 ,g9 ,gi 

V1! (I2 

g0  ’ 

gl6,g3i ,gl5 

eg 

O 

g8’ 

g24’g23 ,g7 

K0’K1'K2 

g4* 

g20 ,g27 ,gll 

WL2 

g12’e28,gi9,g3 

M0,M1,M2 

g2  ’ 

gl8 ,g29’g13 

N0,N1 , Np 

g10 

•g26’g21 ,g5 

CM 

O 

H 

o 

o 

o 

g6 ,g22 ,g25,g9 

P0,P1,P2 

gl4 

•g30 ,gi 

A0-A3i  are  the  DCT  of 

gQ ,gl ,g2 ' * * ’ ,g31 

Figure  B-l.  DFT  Coefficients  Used  in  DCT  Calculations 
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K1 

F1 
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iDj 
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Figure  B-2.  Storage  Layout  at  Various  Stages  of  Processing 
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DCT 


Frequencies 

Table 

Bits  Each 

Total  Bits 

0 

T6 

4 

4 

1-10 

T4 

3 

30 

11-16 

T2 

2 

12 

17-22 

TO 

1 

6 

23-2? 

not  used 

0 

0 

totals 

1.625 

52 

0 

T4 

3 

3 

1-  8 

T2 

2 

16 

9-15 

TO 

1 

7 

16-31 

not  used 

0 

0 

totals 

.8125 

26 

0-  1 

T2 

2 

4 

2-10 

TO 

1 

9 

11-31 

not  used 

0 

0 

totals 

.40625 

13 

(for  1.624,  .8125  and  .40625  bits/pixel) 
Figure  B-4.  Quantizat ion  Table  Assignments 


Table  6 


Table  4 


from 

to 

output 

-2048 

-191 

-232 

-192 

-13? 

-l6o 

-136 

-9? 

-112 

-96 

-65 

-80 

-64 

-49 

-56 

-48 

-33 

-40 

-32 

-1? 

-24 

-16 

-1 

-8 

0 

15 

8 

16 

31 

24 

32 

4? 

40 

48 

63 

56 

64 

95 

80 

96 

135 

112 

136 

191 

l6o 

192 

204? 

232 

from 

to 

output 

-2048 

-137 

-192 

-136 

-65 

-96 

-64 

-33 

-48 

-32 

-1 

-16 

0 

31 

16 

32 

63 

48 

64 

135 

96 

136 

2047 

192 

Table  2 

ini 

JUt 

from 

to 

output 

-2048 

-33 

-68 

-32 

-1 

-16 

0 

31 

16 

32 

2047 

68 

Figure  B-5.  Contents  of  Quantization  Tables 


which  come  directly  from  the  definitions.  The  scaled  pixels 

8gQ.8g1 are  ‘fc^en  se3rfc  to  the  Output  FIFO  in  the  8-bit 

mode,  in  which  bits  10-3  form  the  8-bit  pixels  g0>g1 g^* 

If  a small  roundoff  error  produces  a negative  pixel  value,  it 
is  forced  to  zero  by  the  output  logic. 

3.4.6  Modified  FFT  for  Real  Data 
Let 

Ak  = £3=0*  ajw  ^ k=0,1 N 

w = exp(»ri/N) 


where  aQ ,a^ , . . . , a2N_^  are  real.  Notice  that  only  some  of  the 

FFT  coefficients  are  used an+1 ’ AN+2 ’ * ’ * ’ A2N-1  are  not  used  dn 

this  method. 


-k. 


The  usual  FFT  decomposition  is  /.^B^+w  where 

B,  =TN_1  a w~2jk 
\ L j = 0 a2  jw 


- ^*N-i  -2jk 

a2j+lW 


0 -rN"l 
k ~ lj  = 0 


• 2N 

are  DFT's  of  length  N with  real  data.  Notice  that  since  w =1 


BN-k  ' 2 j = 0 


a 


w"2jk  = R. 
2 jW  *k 


Similarly,  CN_k  = Hence 

^N-k  = ®K-k+"N  k ®N-k 

N 

since  w =-l.  The  modified  FFT  butterflies  are 
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\ 

*N-k  = \'v'\ 

for  k=l ,2 , . . . ,£N-1 . The  special  cases  k=0,  k=iN  and  k=N  reduce  to 


AiN  " B|N"lCiN 

It  is  easily  shown  that  ’ B0 ,C0 ’ B^N’ C^N  and  AN  are  rea1, 
3.4.7  Changing  Quantization  and  Compression 


The  quantization  tables 

assigned  to  various 

DPCM  coefficients, 

and  hence  the 

data  rate 

compression,  may  be 

changed  by  patching 

bits  l4- 12  (the  digit  X 

in  NNNNNN  NNNNNN  NXNNNN ) of  the  following 

microinstructions  in  microprocessor  1: 

DCT 

DCT 

Frequency 

Address 

Frequency 

Address 

0 

362 

14 

571 

1 

367 

15 

603 

2 

401 

16 

356 

3 

413 

17 

610 

4 

42  5 

18 

576 

5 

437 

19 

564 

6 

451 

20 

552 

7 

463 

21 

54o 

8 

475 

22 

526 

9 

507 

23 

514 

10 

521 

24 

502 

11 

533 

25 

470 

12 

545 

26 

456 

13 

557 

27 

444 
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The  inverse  DPCM  code  in  microprocessor  2 should  be  patched  to 


force  unused  DCT  coefficients  to  zero.  If  this 

i is  done,  then 

the  quantization  tables  used  to 

compute  these  coefficients  in 

the  forward  transform  are,  of  course,  irrelevant.  Inverse  DPCM 

code  for  the  DPCM  coefficient  corresponding  to 

the  nth  DCT 

frequency  is  as 

follows : 

a . OmmXXX 

XXXXXX  1XXXXX 

Sm— M 

b.  XXXXXX 

xx5xxx  xx 3632 

3632  x M RIN- 

-D 

c . XXXXXX 

003700  XXXXXX 

M--D  D+0--Q 

d . XXXXXX 

00x611  XXXXXX 

D+Q--S 

e . ImmXXX 

XXXXXX  XXXXXX 

S--Sm 

where  m=40g+n  and  the  X's  represent  irrelevant 

code  or  code  for 

other  frequencies.  The  appropriate  patch  is  to 

line  (d)  as 

follows: 

XXXXXX 

00x611  XXXXXX 

D+Q— S (ORIGINAL) 

XXXXXX 

04X711  XXXXXX 

D and  0--S  (PATCHED) 

The  locations  to 

be  so  patched  are  as  follows: 

DCT 

DCT 

frequency 

location 

frequency 

location 

0 

005 

14 

O63 

1 

007 

15 

O67 

2 

Oil 

16 

003 

3 

013 

17 

071 

4 

015 

18 

065 

5 

017 

19 

06l 

6 

023 

20 

055 

7 

027 

21 

051 

8 

033 

22 

045 

9 

037 

23 

04l 

10 

043 

24 

035 

11 

047 

25 

031 

12 

053 

26 

025 

13 

0 57 

27 

021 
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3.4.8  Roundoff  Errors 

The  pixels  at  the  left  edge  of  each  stripe  are  especially 
sensitive  to  roundoff  errors,  especially  at  high  data  rates. 

The  picture  is  much  improved  by  removing  these  pixels  and 
extending  adjacent  pixels  to  fill  the  space,  which  can  be  done 
by  modifying  only  three  microinstructions  in  locations  530 , 531 
and  532  of  microprocessor  number  2 as  shown  in  Figure  6.  The 
tape  supplied  with  the  system  contains  this  modification.  The 
original  code  can  be  restored  by  loading  the  tape  labeled 
"first  pixel  unfix"  into  microprocessor  number  2 after  loading 
the  full  inverse  DPCM  and  DCT  tape.  The  modification  can  then 
be  reintroduced,  if  desired,  by  loading  the  tape  labeled  "first 
pixel  fix". 

3.5  Miscellaneous  Routines 

3.5.1  Control  Store  Punch 

To  punch  the  leader  and  initialize  the  checksum,  type  JSR  1^000, 
turn  on  the  punch,  and  type  a carriage  return.  When  the  punch 
stops,  turn  it  off  and  type  another  carriage  return. 

To  punch  locations  n^  to  n ^ in  Control  Store,  inclusive,  type 
JSR  ik\00  nin2’  "turn  on  'the  Punch,  and  type  a carriage  return. 

When  the  punch  stops,  turn  it  off  and  type  another  carriage 
return.  To  punch  other  segments  of  Control  Store,  repeat  the 
steps  in  this  paragraph  as  many  times  as  necessary. 

To  punch  a stop  code,  checksum  and  trailer,  type  JSR  1^300,  turn 
on  the  punch,  and  type  a carriage  return.  When  the  punch  stops, 
turn  it  off  and  type  another  carriage  return. 

3.5.2  Absolute  Loader 

Put  the  tape  to  be  loaded  into  the  high-speed  reader.  Start  the 
Absolute  Loader  at  077500.  If  the  computer  stops  before  the  end 
of  the  tape,  or  if  it  does  not  stop  at  the  end  of  the  tape,  the 
load  should  be  repeated.  A JSR  77500  command  can  be  used  to 
enter  the  Absolute  Loader,  but  the  operating  system  must  be 
manually  restarted  at  000000  or  005074  after  the  load  is  finished. 
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Figure  B-6.  Modification  of  Pixels  at  left  Edges  of  Stripes 


3.6.3  Absolute  Punch 

The  Absolute  Punch  can  be  used  to  punch  out  on  tape  the  contents 
of  any  contiguous  segment  of  core  memory,  such  as  the  Quantizer 
image.  The  tape  can  be  loaded  with  the  Absolute  Loader. 

To  use  the  Absolute  Punch,  first  use  the  CU  command  to  load 
the  lower  and  upper  limits  of  the  core  area  to  be  punched  into 
locations  074212  and  074214,  respectively.  Then  type  in  JSR 
7^000,  turn  on  the  punch,  and  type  a carriage  return.  When  the 
computer  halts,  restart  the  system  at  0 or  507^- 

The  Absolute  Punch  produces  no  trailer.  Therefore,  the  area 
punched  should  extend  slightly  beyond  the  area  of  interest  so 
nothing  will  be  lost  when  the  tape  is  torn  off. 

Alternatively,  the  command  JSR  15300  <bottom>«:top.>  can  be  used 
to  activate  the  Absolute  Punch. 

3.6.4  Special  Load  and  Punch 

A special  absolute  load  and  punch  routine  can  be  used  to  punch 
out  and  reload  core  areas  other  than  the  operating  system  or 
special  load  and  punch  routine.  The  routine  is  most  useful  for 
punching  and  reloading  Quantizer  images. 

To  punch  a tape  of  a core  area,  type  the  command  JSR  73000 
<bottom>  <top>  turn  on  the  punch,  and  type  a carriage  return. 

The  tape  will  have  a trailer  of  reasonable  length,  so  the 
exact  top  address  can  be  given.  When  the  punch  stops,  turn  it 
off  and  type  a carriage  return. 

To  load  a tape  punched  by  the  special  load  and  punch  routine, 
put  it  into  the  high  speed  reader  and  type  in  the  command 
JSR  73%00i  • The  routine  will  type  out  the  bottom  and  top 
addresses  of  the  area  loaded,  followed  by  an  asterisk  if  there 
is  a checksum  error. 

Tapes  produced  by  the  regular  and  special  absolute  punch  routines 
are  not  compatible. 
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3.5.*$  Demonstration  Routine 

Initialize  operating  system  as  described  in  Operating  System 
procedure.  Place  demonstration  object  tape  in  the  H.S.  tape 
reader.  Next  place  the  demonstration  tape  in  the  teletype 
reader  and  start  the  reader.  The  tapes  will  read  in  and  a 
description  of  the  system  operation  will  be  typed  on  the  tele- 
type while  the  results  are  displayed  on  the  monitor. 

The  Demonstration  routine  has  not  been  re-written  since  initial 
delivery  and  must  be  run  with  the  original  Operating  System. 

3.5.6  Demonstration  Programs 

Two  simple  programs,  occupying  locations  017000-017526  of  core 
memory,  perform  simple  transformations  for  test  and  demonstration 
purposes.  All  processing  is  done  by  the  PDP-11,  not  by  the 
microprocessors.  The  programs  are  included  on  the  Operating 
System  tape  or  may  be  loaded  individually  from  the  tape  labeled 
"DEMO/DEMI " . 

The  command  JSR  17000}  calls  the  "posterizing"  routine.  This 
routine  takes  a picture  and  then  sets  the  three  least  significant 
bits  of  each  pixel  to  zero,  a process  which  makes  many  images 
resemble  silk  screen  posters.  When  the  entire  image  has  been 
processed,  the  routine  takes  another  picture  and  starts  over 
again.  Delays  are  inserted  so  the  eye  can  follow  the  process, 
which  continues  until  the  Operating  System  is  manually  restarted 
at  location  0 or  507^- 

The  command  JSR  173002  calls  the  ’’negative"  routine.  This 
routine  takes  a picture  and  then  subtracts  each  pixel  from 
631Q.  a process  which  makes  the  picture  appear  to  be  a photo- 
graphic negative.  When  the  entire  image  has  been  processed,  the 
routine  takes  another  picture  and  starts  over  again.  Delays 
are  inserted  so  the  eye  can  follow  the  process,  which  continues 
until  the  Operating  System  is  manually  restarted  at  location  0 
or  507^* 
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UbiiniLiJ.'  10-5-77) 
(wiChOCJLi.  iOJ-  UCT  AH b 1>KM) 
(5  OCT  77) 

(LOAD  Hi-.S?  16  P1W1S) 


AAA AAA 

AAA*  ■ AA 

AA AAAA 
wWwwwv 

0+()->t  (N02) 

AAA  « 

W wi 

AAAA/>A 
V WWW 

005611 

AA AAA A 

WWWWWW 

D+fi-»S 

AAA^ 

lfclCCO 

004750 

AAAAAA 

D+0-*f'0t  I,IN-»L'.  s-*sei 

AAA  / 

w V/  wO 

AAAAA4 
Vww  w X 

005750 

AA  AAAA 

WWWWWW 

D+0->ill» 

0004 

AAAAA^, 

004750 

AAAAAA 

WWWWWW 

i)+0“>t\2*  LIN-»D 

0005 

aaaaa*. 

005740 

AAAAAA 

D+0_>r.3» 

0006 

CCCCC4 

004750 

AAAAAA 

WWWWWW 

L+0->n4t  LIN->L 

COO? 

AAAAn. 
w wvww 

005740 

AAAAAA 

5+0_>i(b»  )<IK-»1/ 

AA|  A 

AAAAA^ 

004750 

AAAAAA 

WWWWWW 

D+0->i'fc»  LIH->D 

ecu 

AAAAAIJf 

005750 

AAAAAA 

WWWWWW 

D+0->H7»  HN->1) 

0012 

CCCC1C 

004730 

WWWWWW 

D+C-»."10.  LIN->D 

0013 

AA AA  « 4 
WWW  1 X 

005730 

AAAAAA 

WWWWWW 

D+0->hll*  hIN-»D 

0014 

CCCC12 

004740 

AAAAAA 

WWWWWW 

D+0->)-12.  LIN->D 

0015 

CCCC15 

005730 

AAAAAA 

WWWWWW 

L-+C-»hl5*  nIN->L' 

0016 

CCCC14 

004740 

AAAAAA 

WWWWWW 

IH0->H14*  LIN“»D 

CC17 

A AAA 2 ^ 

005730 

AAAAAA 

w wvuww 

D+0->K15»  H.J->D 

0020 

ccccia 

004730 

AAAAAA 

WWWWWW 

Li+  0~>l,16*  LIN-»D 

0021 

CCCC17 

005730 

AAAAAA 
WWW w w W 

1HC-»F17.  1IN-»D 
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Push  status  uwftb 
Push  AtTuAiu  aoivt 

LUTE  A.  /WT  SEVU/  fc)UTI*JE 
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TITLE  MAIN  PROGRAM  MODEL  124C  OPERATING  SYSTEM 


J ASSEMBLY  PARAMETERS 


smnemonic«value  description 


164CCC 

MLASE1=164CCC 

5UPR0C1  BASE  ADDRESS 

1P4C4C 

MRASK?=16404C 

SVPR0C2  PAGE  ADDRESS 

1641CC 

FSMCS=1641CC 

Si  SMI  CONTROL  • STATUS 

104 ICC 

CAMCS=1641CC 

5 CAMERA  CONTROL  • STATUS 

AAAAAA 

AAAAA^  «=4 

• AStO'i 

SEAJiOh  + 1/0  TRAPS 

CCCCC4 

AAAAA^ 

• WORE 

•+* 

»AAAA^J 

AAAAA^ 

CCCC6C  *=6C 

RTI 

AAAAtA 

wwwwDv 

CCCC62 

•WORD 

•+2 

CCCC62 

AAAAAr) 

HTI 

CCCC64 

CCCC66 

•WORD 

•+2 

CCCC66 

AAAAAR 

AAAAAA 

RTI 

•CSECT 

•ADDRESSES  ASSIGNED  TO  MICROPROCESSOR 


•MNEMONIC 

ADDRESS 

INPUT 

OUTPUT 

AAAAAA 

164CCC  MD:  MCLRs 

MbASEl+CC 

;d  register 

MASTER  CLEAR 

164CC2  MHALT; 

MBASE1+C2 

9 

HALT 

AAAAAR 

164CC4  MS: 

MBASE1+C4 

• S REGISTER 

CCCCC6 

164yC6 

MBASEl+Cfc 

9 

AAAAJ A 

164C1C  MY: 

MBASE1+1C 

9 

DES1  CONTROL 

CCCC12 

164C12  MX: 

MBASE1+12 

9 

SOURCE  CONTROL 

CCCC14 

164C14  MZ: 

MBASE1+14 

9 

CCCClb 

164C16  MJ:  MI: 

MBASE1+16 

•OUTPUT  FIFO 

INPUT  EIEO 

AAAAAA 

164C2C  MGO: 

MBASE1+2C 

9 

GO/STEP 

AAAA»>rj 

1G4C22  MP: 

MBASE1+22 

5UPR0C  STATUS 

UPROC  CONTROL 

CCCC24 

1G4C24 

MBASE1+24 

9 

CCCC26 

164C26  MB: 

MBASE1+26 

• 

9 

BREAKPOINT 

AA AAV A 

vuw wO V 

164C3C  MA: 

MBASE1+3C 

: UIJIST  ADDR 

UIIIST  ADDR 

CCCC32 

164C32  MI3: 

MBAS E 1+32 

SUINST  15-C 

UINST  15-C 

AAAAO^i 
w w w vO*X 

164C34  MI2: 

MBASE1+34 

5UINST  31-16 

UINST  31-16 

AAA  A,. 
WWW  vOO 

lMCJb  Mil: 

MaASEl+36 

5 UINST  47-32 

UINST  47-32 

AAA A^ A 

CCCC6CMYIA: 

IM1 

;my  IMAGE 

MY  IMAGE 

CCCC42 

CCCC62’MXIA: 

IM1+2 

;mx  imace 

MX  IMACE 

CCCC44 

CCCC64’MIIA: 

IM1+4 

SMI  IMACE 

MI  IMACE 

CCCC46 

CCCC66*KPI A: 

IM1+6 

SMB  IMACE 

MB  IMACE 

AAAAJjA 

CCCC7C* RELAG: 

IM1+1C 

SPUN  FLAG 

RUN  FLAG 

CCCC52 

CCCC72’RCNT: 

IM1+12 

SPUN  COUNT 

PUN  COUNT 

wvowOT 

CCCC?4'P0PT: 

IM1+14 

SPUN  OPTION 

RUN  OPTION 

CCCC56 

CCCC?6*L0PT: 

IM1+16 

SLIST  OPTION 

LIST  OPTION 

CCCC6C 

^A#  A t A#  A A 

C.’E.'D 

AAAAAA 
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CCCC66  CCCCCC 

AAAAfpA  AAA  AAA 

CCCC72  CCCCCC 
CCCC74  CCC1C6 
CCCC76  CCC1C4 
CCC1CC  CCCCCC  I '12s 
CCC1C2  CCCCCC 

AAA< A J AAA AAA 

wwvl  v*X  wuwwww 
wwwl  wt)  wwwwww 

CCC11C  CCCCCC 
CCC112  CCCCCC 
cccii4  cccice 
CCC116  CCC1C4 


+C.C.C.C.C.C.  'F.  'D 


5 CHARACTERS 

CCCCC7  BELL=7 
CCCC15  CR=15 
CCCC12  L*  = 12 

CCCC3C  DELCH='X-1CC  SLINK  DELETE 
CCCC2C  MCLRCH=’ P-1CC  .MASTER  CLEAR 
CCCCC7  G0CH='G-1CC  SCO 

SGLOBALS 

•GLOBL  TYPE. READ. OCTAL. STRING. CPLI 
•GLOBL  MA 

•GLOBL  TTYBEG.TTYEND. BRANCH 
•GLOBL  RETUR*. BUFFER. COLUMN 
•GLOBL  UPPER. HTt ST* 

S REGISTERS 

CCCCCC  R=%C 

AAAAAA 

uuuwuu  n 

CCCCC1  R1=%1 
CCCCC2  R2=*-2 
CCCCC3  K3=%3 
CCCCC4  R4=%4 
CCCCC5  R5=%t> 

CCCCC6  SP=%6 
CCCCC7  P05S7 
17756C  TKS=17756C 


CCCCC1  BITC=1 
CCCCC2  BIT1=2 
CCCCC4  BIT2=4 
CCCC1C  BIT3-1C 
CCCC2C  BIT4*2C 
CCCC4C  BIT5=4C 
JCC1CC  BIT6=1CC 
CCC2CC  BIT7=2CC 


CCC4CC  BITH=4CC 
CC1CCC  BIT9=1CCC 
CC2CCC  BIT1C=2CCC 
CC4CCC  BIT11=4CCC 
C1CCCC  BIT1?=1CCCC 
C2CCCC  BIT13=2CCCC 
C4CCCC  BIT14=40CCC 


BIT15=1CCCCC 


5 BLAGS*  COUtITEFS  AND  BUtPEhS  POP  BOTH 
SMICkO ph'OCESSOHS 


cccuc 

000000  PTii.AU: 

+0 

000122 

+0 

000124 

U*±0  UuJSU: 

•ASCII  / 

00012 b 

C4C 

000126 

040 

CCC127 

C4C 

CCC15C 

/ C4C 

000131 

000132 

000124' CEND: 

+CBEG 

000134 

000000  NBEG: 

+o»o*o*o»o 

00013L 

000140 

000142 

/>««««/> 

AAAAAA 

AAAAAA 

000144 

000146 

000134'NEND: 

+NB*’G 

CCC15C 

000134' PNBEG: 

+NBEG 

;tbaps 

1C442C  BETUhN*lC442C 
1 04422  HTEST=1C4422 
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MAIM  PROGRAM  MODEL  1240  OPERATING  SYSTEM 
TAPE  2 


; BEGINNING  OF  PHOGRAM 


000152 

012706  BEGINS 

AA| AAA 

MOV 

#1000. SP 

000156 

012767* 

MOV 

#1»TKS 

AAAAAj 

177560 

000164 

r>AAAAAl 

STRING 

STY  PE  OPENING  MTSSAGE 

000166 

015 

• BYTE 

CR 

000167 

115 

•ASCII 

/MODEL  1240  OPERATING  SYSTEM/ 

000170 

117 

000171 

104 

000172 

105 

000175  114 
CCC174  040 
000175  061 


000176 

062 

AAA  J yrp 

000201 

064 

vOv 

C4C 

AAA£ Ag 

117 

AAA^A^ 

120 

000204 

105 

AAA£Ag 

122 

AAA^Ag 

101 

AAAAAn 
W V wC  W 1 

124 

000210 

111 

000211 

116 

AA^212 

107 

000215 

040 

000214 

123 

000215 

131 

000216 

123 

000217 

124 

105 

AAA221 

115 

000222 

015 

•BYTE 

CR.  0 

000225 

AAA 

000224 

• EVEN 

000224 

005037 

164000 

CLR 

@>#MBASE1 

AAAA>1A 
W V w 

WVUwO  * 

164040 

cm 

®#MBASEP 

AAA.J74 

wwvCOt 

012767* 

MOV 

4MEMTRP.4 

004054 


{MASTER  CLEAR 
SPOTH  MICROPROCESSORS 
SSET  MEMORY  TRAP 
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STAJiT  NU'a  LINt 


000242 

105?67*LINE: 

177560 

TSTB 

TKS 

000246 

100411 

BMI 

SCAN  SCHAK 

BEADY 

000250 

005777  fST 

177674 

UhFLAC 

"CCidt)4 

CC14C6 

BEU 

SCAN  ;not 

RUNNING 

000256 

0327-77 

BIT 

#BIT9.C!MP  (halted? 

/>AJ^  AAA 

177536 

000264 

001766 

REO 

LINE  ;no 

000266 

005077 

177556 

CLR 

(SB  FLAG 

: SCAN 

LINE 

000272 

012700* SCAN: 
000134 

MOV 

»NBEG.R 

00027b 

010067 

177644 

HOV 

h.NENU 

000O02 

005020  SCAN2: 

CLR 

(B)  + 

000304 

020027* 

000146 

CMP 

H,#NBEC+10* 

000310 

100774 

BMI 

SCAN2 

• CLEAN  NUMBER  BUFFER 

AAAV« n 
V vuOlC 

012767’ 

000124 

177612 

MOV 

#CBEG*CEND 

(CLEAR  COMMAND  BUFFER 

000320 

012767* 

004052 

001610 

MOV 

(rDONQTH.CPOINT 

'.DEFAULT  COMMAND  IS  DO  NOTHING 

000326 

005067 

177570 

CLH 

SAVCH 

•GET  CHARACTER 

AND  BRANCH  ACCORDINGLY 

000332 

C1C7CC 

177564 

CHAR:  MOV 

SAVCHtR 

000336 

CC1CC1 

BNR 

CHAR2 

(USE  SAVED  CHAR  IF  NONZERO 

AAA'fjl  A 

wwwO^tv 

A AAAAA • 

READ 

000342 

000346 

005067 

177554 

CHAR2:  CLR 

BRANCH 

SAVCH 

ZZZ6bZ 

040 

•BYTE 

.SPACE-. 

000351 

035 

000352 

015 

•BYTE 

CH.ELINE-. 

CCC553 

037 

CCC354 

030 

•PVTE 

DELCH.DLINE-. 

000355 

041 

000356 

AArt 

WV  1 

•BYTE 

COCH.GO-. 

CCC357 

045 

wwwvUu 

020 

•BYTE 

MCLRCH. MASTER-- 

AAA'ICI 

wwwOOl 

275 

000362 

073 

•BYTE 

'5. COMM EH- . 

000363 

003 

000364 

000 

•BYTE 

0.  NUMBER-* 

000365 

321 
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mm m 


;Sfck¥lCA  hOUTINbS  lOit  ONl-ChAiiACTil.  l’i'tMS 


ccc3t * 

AAAAAAl 

wwwvvw 

comk  bit: 

VYTL 

SCOKMfcH'i  iXSbMDS  TO 

CCC37C 

AAAAAA • 

JilAli 

CCC372 

cccccc* 

lh/.i.ci; 

CCC374 

CIS 

• jJYXt 

tCA)  f IACi>  riTUH  t 

CCC37S 

CIO 

CCCoVo 

‘JCJ 

• J.'!  1 1* 

J. r.l,Ci» * l’i- J 1.  -—  - 

• ill  P.  r/j  ►.*•  r' 

occsv? 

ci . 

wt»  y cc 

* A 

• .*'V  • A 

it  A'-tr-r-# 

;;>♦*  •'  .'  i ••  • ' :T. w ; 

CC:»C1 

<r 

/>««/!  A»1 

.AA 

. •• 

f • ■ 

- 

C Ji'I’K’i 

r 

A/  ..A/.A  | 

I'Afi? 

■j : :■( 

) s:  H'-  H-'i  ImWF  ?.  IT 

CCf>i  j J 

i r 

VjJtr. 1 

::jrs  i. 

Oil  VSJZ 

iliii  l«i<  I 

» 

i1*  j * ?C 

: p 'lb  i.T  ,- 

r.'CioicC 

• *'\A/  • » • 

'il  :• 

. J I !V«j 

www‘X<.  w 

ISC 

• r-'i  ‘J  e. 

• :r  r. 

V w V Lwuw  A 

CCC4U 

aaaa 

•y  « • ■-  C *. 

1C442C 

IT?”!" 

CCC'<24 

C<tV6?*uJ! 

Ci-1f 

mil*  r.couv:: 

CCC432 

vvwwww 

AA AA AA 

CC1125 

HWt 

iiuHWii  5 HOT  1H ST  CltAh 

CCC434 

1C4422 

ii'ifcST 

CCC436 

C177CC 

MOV 

t-LOIT.f. 

CCC442 

177414 

CtoWCC 

Ai.ll 

UlOpliii 

CCC446 

1774CC 

C2CC27 

Uhl1 

* tV'O+'l 

CCC4S2 

CCC212 

CC1S7? 

nil  A 

C02 

C42777 

VIC 

#cIT6»l4;p  5LIST  LISAbLKL.  lULb  MODI: 

CCC462 

AAA A^ A 

17734C 

CC527? 

INC 

Mil  LAC 

CCC466 

177562 

CC5C77 

CLh 

vMcy 

CCC472 

177326 

STM  1IC 

CCC474 

1C7 

•ASCII 

/CO/ 

CCC475 

CCC47C 

117 

AAA 

W VW 

•BYTt 

V 

A A A /X 

AAALAA 

WWWWV V 

1C442C 

•illli 

IfVTUNN 
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#HIT5tfcHP  JOTHEB  CASfcS.  USE  STEP 


000502  0o277  < 1.02:  Bis 

AA/\A«  A 


177ol2 

000510 

020027 

000227 

CMP 

R.#'D+'S 

000514 

001005 

BNE 

003 

• 

000516 

004767 

000120 

JSR 

PC. STEP 

•LIST  DISABLED.  STEP  MODE 

000522 

OCbOCO 

CLP 

B 

000524 

104402 

TRAP 

2 STB ITCH 

000526 

104420 

RETURN 

000530 

020027  G03: 

000213 

CMP 

R./TE+'F 

000534 

001012 

BN£ 

004 

000536 

004767 

000026 

JSR 

PC.I.STEP 

•LIST  FVAplfE.  FFEF  MODE 

CCC542 

032777 

AAA^AA 

177252 

BIT 

#BIT7.(iMP 

••HALTED? 

000550 

001003 

NOP 

• Tub 

CCCbb2 

004567 

003354 

JSR 

R5. ABORT 

000556 

000764 

BR 

003  +6 

000560 

104420  COX: 

RETURN 

000562 

004767  004: 

000002 

104420 

JSR 

PC.LSTEP 

SLIST  ENABLED.  STEP  MODE 

000566 

RETURN 

000570 

OOOOOO'LSTEP: 

STB  INC 

000572 

055 

•BYTE 

'-•0 

000573 

000574 

AAA 

AAAAAA • 

OCTAL 

000576 

AAAA^A • 

+MA.4 

000600 

aa/'a;''o 
w w vOwfc 

AAAAA4 

004767 

JSR 

PC.TMINST 

000606 

002346 

004767 

JSh 

PC. STEP 

000612 

AAA  A^JA 

AAAAAA 1 

OCTAL 

000614 

AAAAA/>I 

+MD.4 

000bl6 

000620 

AAAAA^| 

012700 

MOV 

B'W.B 

000624 

000127 

032777 

BIT 

#BIT10+BITll.ewP 

000632 

006000 

177170 

001401 

BRw 

•+4 

000634 

AAAAAA • 

TYPE 

000636 

AAAAAA • 

CRD’ 

000640 

AAAAAA 
w wC  v ' 

RTS 

PC 
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«*G0 


CCC642 

CC5C77 

177152 

STEP:  CLP 

raw  GO 

CC0646 

CCC24C 

NOP 

CCCb5C 

CC5C77 

17712b 

CLK 

GWHALT 

CCC654 

CCC2C7 

h'i’S 

PC 

CCC656 

CC5C77 

17711b 

MASTER:  CLh 

GMCLli  {MAbTfcH  CLBAtt 

CCC662 

AAAAAA • 

STRING 

CCC664 

115 

•ASCII 

/MASTER  CLEAR  / 

CCC665 

1C1 

CCC666 

123 

CCC667 

124 

CCCbVC 

1C5 

CCCbVl 

122 

CCC672 

C4C 

CCC673 

1C3 

CCC674 

114 

CCC675 

1C5 

CCC67C 

1C1 

CCC677 

A/N/\n/»A 

122 
AA  A 

WWW  1 ww 

CCC7C1 

AAA 

• BYTE 

A 

AAAI^A^ 

• EVEN 

CCCVCJd 

CCC167 

CC3C64 

JMP 

IMP 

5SCAN  FOE  NUMBER 

NUMBER: 

CCC7C6 

C2CC27 

AAAAgA 

CMP 

R*#'C 

CCC712 

1CC457 

BMI 

COMMAN 

{GO  TO  COMMAN (D) 

CCC714 

C2CC27 

AAAA»J)A 

CMP 

R.#'8 

{CHARACTER  IS  NOT 

r'A#'72/' 

1CCC54 

BPL 

COMMAN 

{AN  OCTAL  DIGIT 

AAAOAA 
w w w * CC 

C227b7 ’ 

CCC146 

177216 

CMP 

VNBEG+1C*.NEND 

CCC73C 

1CCCC2 

BPL 

NUMT 

CCC732 

CCC167 

CC31C6 

JMP 

ERflun 

{TOO  MANY  NUMBERS 

A 
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000736  005003  NUMT: 

CLR 

R3 

;R3  HOLDS  NUMBER 

000740  006303  NUM2: 

ASL 

R3 

000742  006303 

ASL 

R3 

CCC744  006303 

ASL 

R3 

{MULTIPLY  BY  8 

000746  C6CCC3 

ADD 

B.R3 

000750  162703 

A/\AAgA 

SUB 

#*0»R3 

{AND  ADD  DICIT 

AAAQRj<  AAAAAA* 
vww  ' V^X  VVWWWW 

TYPE 

{ECHO  DIGIT 

"”"756  000000' NUM3: 

AAAOCA ' AAAAAAl 

WWW  « WW  wwwwww 

READ 

BRANCH 

{GET  NEXT  DIGIT 

000762  C6C 

000763  033 

•BYTE 

• C»  NUM5- • 

000764  C61 

CCC765  C31 

• BYTE 

•1.NUM5-* 

000766  C62 

CCC767  027 

• BYTE 

•2.NUM5-* 

AAAI^A  AgJ 

000771  025 

•BYTE 

•3.NUM5-* 

000772  064 

000773  C23 

•BYTE 

*4tHUM5-» 

000774  065 

000775  021 

•BYTE 

•5.NUM5-* 

000776  066 

000777  017 

• BYTE 

•6.NUM5-* 

AAAAAA  A^y 

001001  015 

•BYTE 

•7.NUM5-. 

AAJAAg  A^A 

001003  015 

•BYTE 

' tNUM6-. 

001004  015 

001005  013 

• BYTE 

CR.MUM6-* 

001006  030 

001007  011 

•BYTE 

DELCH.NUM6-* 

AA4  A 4 A AAA 

wwXwitw  wCw 

001011  007 

•BYTE 

MCLRCH.NUM6-- 

001012  073 

001013  005 

•BYT* 

* { * NUM6- • 

A'*1  AAA 

wwlwli  www 

001015  027 

• BYTE 

0. NUMBER-* 

001016  000750  MUM5: 

BR 

NUM2 

001020  010377  NUM6: 
177122 

MOV 

R3.GNEND 

{SAVE  NUMBER 

001024  062767 

ADD 

B2.NEND 

wwwww2 

177114 


Tfib  i>~-iiiiw  » u 
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0C1C32 

11CC67 

177C64 

MOVb 

B.SAVCH 

;SAVi  CHARACTER 

0C1C36 

C127CC 

CCCC43 

MOV 

;«  MEANS  NUMBER 

CC1C42 

CCC4C3 

BR 

COMMAN 

CC1C44 

NUMERH: 

STRING 

CC1G40 

CC7 

•byte 

BELL.O 

{RING  BELL 

CC1C47 

CCC 

CCICbC 

CCC742 

Bn 

NUM3 

{AND  KEEP  SCANNING 

; INSi.nl' 

CiiABAClBB  INTO  COMMAND 

BUiiER 

CC1C52 

C22?fc7' 

CCC132 

177052 

COMMAN: 

CMP 

//CBEG+6*  CEND 

CC1CCC 

1CCCC2 

BPL 

COM2 

CC1C62 

CCClfc? 

CC275C 

JMP 

ERROR 

{TOO  MANY  ITEMS 

CCICtit 

11 0077 

177 040 

COM2: 

MOV'D 

R, C/C  END 

CC1C72 

00526? 

INC 

CBM) 

1 7 V Cb4 

{LOOK  UP  IN  COMMAND  TABLE 


CCiCvl  C127C3*  M jV  rfCTAJ.hb 

CC12C4 


CC11C2 

012701 ' 

LOOK: 

MOV 

tfCBEC.Rl 

{ Itl  POINTS  TO  COMMAND  BUiFER 

CCC124 

CC11C6 

010302 

MOV 

R3.R2 

{ R2  POINTS  TO  CURRENT  TABLE  ENTRY 

CC111C 

10b712 

TSTB 

(R2) 

001112 

CC1422 

Beg 

L00K4 

{ END  Or  TADLfii  NOT  EOUND 

001114 

C2C167 

L00K2: 

CMP 

RltCEND 

{CHECK  FOR  END  OF  COMMAND 

177C12 

CC112C 

100005 

BPL 

L00K3 

(END  - "ATCH  FOUND 

CC1122 

122122 

CMPB 

( hi  ) + * ( 1(2)  + 

{COMPARE  CHARACTERS 

001124 

001773 

BEO 

LOOK  2 

!Ii  ECUAL.  KEEP  LOOKING 

001126 

062703 

ADD 

#8* * R3 

001132 

000703 

BR 

LOOK 

{IE  ini 'it  Go  To  hi  AT  E.N  TRY 

001134 

062703 

LOOK3: 

ADD 

#6  * i;3 

CC114C 

011307 

MOV 

(1(3)  iCPOINl 

{CHANGE  COMMAND  POIMTF* 

CCCV72 

001144 

Aft  AA'jrj 

wC w vC  1 

CMP 

000043 

001150 

001401 

BEO 

LOOKX 

CCllb2 

AAAAAA • 

TYPE 

{ECHO  NON-NUMBER  CHARACTER 

001154 

000167 

LOOKX: 

JMP 

CHAR 

{GET  NEXT  CHARACTER 

177152 
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1160 

005367 

176746 

L00K4: 

DEC 

CEND 

SREMOVE  BAD  CHAP  PROM  Mjmfi 

1164 

020 027 

000043 

CMP 

btU’n 

live 

001002 

BNE 

L00K5 

1172 

000167 

0026*6 

•IMP 

ERROR 

SrAD  NUKBEh  IS  HOPELESS 

1176 

000000 

LU0K5: 

STRING 

1200 

007 

• BYTE 

BELL*  0 

ihING  flkLL 

12C1 

000 

1202 

000764 

Bh 

LOOKX 

5 GET  NEXT  CHAHACTJLh 

•EOT 


Si-iiilN  i'iiJCiiiin  MODEL  1240  OPEniv'i  1 ho  b If  STEM 
5 TAPE  3 


; COMMAND  TABLE 
CTAB: 


J 

SOURCE 

ENTRY 

DESCRIPTION 

* 

CODE 

POINT 

001204 

124  -ASCII 

n 

/ 

;type  kickolocation  +1 

wvlBi/S 

040 

001206 

040 

001207 

04" 

001210 

040 

001211 

040 

001212 

002770' 

+T 

001214 

124  -ASCII 

/TA 

/ 

STYPE  ADDnESS  Op  CURRENT  UINSTR 

001215 

101 

001216 

040 

001217 

040 

001220 

040 

001221 

040 

00122? 

00266?' 

+TA 

001224 

124  -ASCII 

/in 

/ 

STYPE  UINSTR  AT  ADDRESS  # 

001225 

043 

001226 

040 

001227 

040 

001230 

040 

001231 

040 

001232 

002674' 

+TN 

001 204 

124  -ASCII 

/inn 

STYPE  UINSTS  AT  LOCS  n TO  n 

001235 

043 

00123O 

043 

001237 

040 

001240 

040 

001241 

040 

001242 

003046* 

+TNN 

001244 

124  -ASCII 

/IV 

/ 

STYPE  UN I BUS  LOCATION  + 2 

001245 

125 

001246 

040 

001247 

040 

001250 

040 

001251 

"40 

001252 

002156' 

+TVJ 

001254 

1?4  -ASCII 

/V 

/ ? TYPE  TO I PUS  LOCATION  tt 

I 


00125b 

125 

001256 

043 

001257 

C4C 

001260 

040 

001261 

C4C 

001262 

002140* 

+TUN 

001264 

124  .ASCII 

/TU#» 

/ 

001265 

125 

001266 

043 

001267 

043 

001270 

040 

001271 

040 

001272 

002202* 

+TUNN 

001274 

103  -ASCII 

/CVtt# 

/ 

001275 

125 

001276 

043 

001277 

043 

001500 

040 

001301 

040 

001302 

002272* 

+CUNN 

001304 

117  -ASCII 

/USOP 

/ 

001505 

123 

031306 

117 

001307 

120 

001310 

040 

001311 

a 

<> 

001312 

002340* 

+OSOP 

001314 

117  -ASCII 

/OSD  PD 

/ 

001315 

123 

001316 

117 

001317 

120 

001O20 

104 

001321 

£4~ 

001322 

002332’ 

+OSOPD 

001324 

105  -ASCII 

/EX  I 

/ 

001325 

130 

001326 

111 

001327 

040 

001330 

001331 

040 

001332 

004044* 

+ER  HUB 

001334 

105  -ASCII 

/EXIT 

/ 

001335 

130 

001336 

111 

001337 

124 

001340 

040 

001341 

<> 

001342 

004120* 

+EXIT 

001344 

120  -ASCII 

/ PT 

/ 

001345 

124 

001346 

C4C 

001347 

040 

001350 

040 

001361 

w4  w 

001352 

004036’ 

+PTE 

001354 

120  -ASCII 

/PTB 

/ 

STYPE  UNIBUS  LOCATIONS  » TO  ft 


5 CHANGE  I'NIPI'S  LOCATION  # TO  » 


SOP  SYS  OVKIiST ORE  PROTECT 


50P  SYS  OVERSTORE  PROTECT  DISABLE 


SEXIT  i ROM  OPERATING  SYSTEM 


’.END  PAPER  TAPE  COMMANDS 


5 BEGIN  PAPER  T/vp  comm  • 

228 


BREAKPOINT  DISABLE 


001355  124 

001356  1C2 

001357  040 

001360  C4C 

001361  040 

001362  004026* 

001364  102  -ASCII 

001365  104 

001366  040 

001367  040 

001370  040 

001371  040 

001372  002350* 

001374  102  -ASCII 

001375  105 

001376  040 

001377  040 

001400  040 

001401  040 

001402  002362* 

« w 14-4  112  -ASCII 

001405  132 

001406  040 

''014"?  34— 

001410  040 

001411  040 

001412  002374' 

001414  112  -ASCII 

001415  102 

001416  040 

001417  040 

001420  040 

001421  040 

001422  002406* 

001424  114  -ASCII 

001425  040 

001426  040 

001427  040 

001430  040 

001431  040 

001432  002432' 

001434  114  -ASCII 

001435  104 

001436  040 

001437  040 

001440  040 

001441  040 

001442  002420* 

001444  114  -ASCII 

001445  105 

001446  040 

001447  040 

001450  040 

001451  040 

001452  002420* 

001454  122  -ASCII 


/BD 


/BE 


/JZ 


/JB 


/L 


/LD 


/LE 


/fi 


+PT6 

/ 


+BD 

/ {BREAKPOINT  ENABLE 


+BE 

/ {JUMP  TO  ZERO 


+JZ 

/ {JUMP  TO  BREAKPOINT 


+.JB 

/ 5TYPE  LISTING  STATUS 


+LSTAT 

/ {NO  LISTING 


+LD 

/ {LIST  ENABLE 


+LE 

/ {TYPE  RUN  STATUS 
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CO 1400 

040 

001456 

040 

001457 

001460 

040 

001461 

040 

001462 

002454  * 

+KSTAT 

001464 

122  -ASCII 

/fcS 

/ 

1STK2  Kulifc 

001465 

125 

001466 

040 

00146? 

040 

00 14  VO 

C‘£v 

001471 

040 

001472 

002442* 

+hS 

001474 

122  -ASCII 

/HF 

/ 

; FHtE  MODii 

00 1 475 

106 

001476 

040 

001477 

040 

001500 

040 

001501 

040 

001502 

002442' 

+ l«i J 

001504 

124  -ASCII 

/■II 

/ 

5TTPV  IrtVUT  f I f J 

OOI0O6 

ill 

00150C 

04  0 

00150? 

y/ty 

001510 

C‘-  'J 

OOloll 

lv- 

001512 

CCo/.wC 

AT  1. 

001514 

j 14  • “-l.il 

/•■) 

/ 

j • v :-j-;  >»  v *'•  1 i* ! r •• : 

OOlolo 

112 

»*!•'  1' 
ooioi v 

o-o 

f •'M 

fy.' • 

001522 

002472* 

•■..1 

y'  i *■■■'■  /i 

12'i  -A?  Cl  I 

/«  1J 

/ 

»•!■?•••-  2 ••  r-T'v 

CCJctfb 

r'r1:  • • 

i 04 

• 

00 1-->2  r 

C4C 

0016/-0 

C/!.C 

c:;  i.ioi 

>Z 

0015o2 

005216* 

+ >).• 

12“  -AvCli 

/VS 

/ 

; J-  • i-  J • *•  ;•  * .•  '< 

n 

Jr  •- 

. 

'v  y 

001  W 

001 540 

w'iC 

D!  C 

yy/t  ;yV, 

/S/-.  /N  • 

\,  ulV  Uv 

**  t r» 

00117  4 

1.24  -ASCII 

/TV’ 

/ 

HYP;.  YICiiO)  7l)Cr,t 

001o*»o 

icO 

001546 

040 

001647 

040 

001550 

C4C 

001^1 

001552 

005242* 

+TV 

001554 

124  -ASCII 

/TH 

/ 

:TYV>.  MfKAK  POINT 
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/ 

00 ICS5 

102 

v>  Jlooc 

C4C 

001 55? 

C4C 

0015G0 

040 

ooi5t  1 

040 

001562 

002252 1 

+TP 

001564 

102  -ASCII 

/CA  n / 

SCilAMGE  MICROPROCESSOR  ALLFESS 

001566 

101 

CC1566 

042 

001567 

040 

L.  001570 

040 

001 571 

040 

001572 

002202* 

♦CAN 

001574 

102  -ASCII 

/C uliltlt  / 

; CHANCE  MIChOINSThnOTT^V 

001575 

042 

ooi5?e 

042 

001577 

042 

001600 

042 

001601 

040 

001602 

002222’ 

+CNNNN 

001bC4 

102  -ASCII 

/Cl#  / 

;GHANGE  INPo'i  HiO 

OOlbOo 

111 

001606 

042 

001607 

040 

001610 

040 

001611 

< > 

001612 

002472* 

+CIN 

001614 

102  -ASCII 

/CP)/  / 

; CHANCE  MICFOPkOCESSOR  CONTROL 

OOltlb 

120 

OOlblb 

042 

001617 

w4w 

001620 

040 

001621 

040 

ooie?? 

003620* 

+CPN 

001624 

102  -ASCII 

/CB#  / 

S CHANGE'  BREAKPOINT 

001625 

102 

001626 

042 

001627 

00162.0 

001621 

040 

001622 

002526* 

♦CUN 

001624 

102  -ASCII 

/cx#  / 

; CHANGE  SOUPCE  CONTROL 

00162b 

120 

00162b 

042 

001627 

040 

001640 

C4C 

001641 

040 

001642 

002556* 

+CXN 

001644 

103  -ASCII 

/cr#  / 

iChANGE  LEST I NATION  CONTkoL 

001645 

131 

001646 

043 

001647 

040 

001650 

C4C 

001651 

001652 

003576* 

+crN 

001654 

103  -ASCII 

/CM###  / 

; CHANGE  CUPRENT  MICROINSTRUCTION 

i 

231 

r 'V-  " - ■■■■; 

/ 

001655 

115 

001b5fc 

C4o 

001657 

C4o 

001600 

043 

001661 

040 

001(36? 

003616* 

+CMNNN 

001(364 

103  ‘ASCII 

/CIMP 

/ 

S INPUT  MODE  PIXEL 

001666 

111 

001666 

115 

001(367 

120 

001670 

040 

L 001671 

040 

001672 

002526* 

+CIHP 

001674 

103  -ASCII 

/CJMP 

/ 

•OUTPUT  MODE  PIXEL 

001676 

112 

001676 

115 

001677 

120 

001700 

040 

001701 

001702 

002534* 

+CJHP 

001704 

lOo  ‘ASCII 

/CIMfc 

/ 

•INPUT  MODE  WORD 

001706 

111 

001706 

115 

««  jrp  r\ry 

127 

001710 

040 

001711 

040 

001712 

002550’ 

+CIME 

001714 

103  -ASCII 

/CJMfc 

/ 

•OUTPUT  MOUE  WORD 

001716 

112 

001716 

115 

001717 

127 

001720 

040 

001721 

040 

001722 

002556* 

+CJMW 

001724 

124  -ASCII 

/TM 

/ 

; TT PE  CURRENT  MICROINSTRUCTION 

001725 

115 

001726 

040 

001727 

040 

001730 

040 

001731 

040 

001732 

002736’ 

+TM 

001734 

115  ‘ASCII 

/M 

/ 

5TTPE  MICROPROCESSOR  NIPPER 

001736 

040 

001736 

040 

001737 

040 

001740 

AAA 

w » V 

001741 

040 

001742 

003772* 

+TMP 

001744 

115  ‘ASCII 

/M# 

/ 

5 CHANCE  MICROPROCESSOR 

001745 

043 

001746 

040 

001747 

040 

001750 

040 

001751 

001752 

003672’ 

+CMP 

A 

001764 

124  ‘ASCII 

/TX 

/ 

5 TYPE  SOURCE  CONTROL 
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I 

/ 

l 

4 

TYPE  DESTINATION  CONTROL 


001755 

loO 

001750 

040 

001757 

040 

001760 

040 

001761 

040 

001762 

003262' 

+TX 

001764 

124  -ASCII 

/TY 

/ 

001765 

131 

001766 

040 

001767 

040 

040 

001771 

040 

001772 

003272' 

+tv 

001774 

124  -ASCII 

/TIM 

/ 

001775 

111 

001776 

115 

001777 

r\Ar\ 

040 

002572’ 

+TIM 

. lAOAA/ 

wwCwwT 

124  -ASCII 

/TJM 

/ 

002005 

112 

002006 

115 

002007 

040 

002010 

040 

002011 

040 

002012 

AA26AA * 

+TJM 

002014 

110  -ASCII 

/HALT 

/ 

002015 

101 

002016 

114 

002017 

124 

0"2020 

040 

002021 

040 

002022 

002464' 

+HALT 

002024 

130  -ASCII 

/XQT## 

/ 

002025 

121 

002026 

124 

00202? 

043 

002030 

043 

002031 

AAA 

WTV 

002032 

004044' 

+ERR0R 

002034 

130  -ASCII 

/XOT###/ 

002035 

121 

002036 

124 

AAnAin 
vwGwO f 

043 

002040 

043 

002041 

043 

002042 

002626' 

+XUTNNN 

002044 

114-ASCII 

/LM 

/ 

002045 

116 

002046 

A4  fS 

C4C 

002080 

040 

002051 

Aj  A . 

w9y 

002052 

AA4  AAA  • 

+ERROR 

002054 

114  -ASCII 

/LMP# 

/ 

;TY PE  INPUT  mo  MODE 


STY  PE  OUTPUT  I’lIO  MODE 


SHALT  MICROPROCESSOR 


S INVALID 


SEXECUTE  MICROINSTRUCTION 


S INVALID 


SLOAD  MICROPROGRAM  FROM  PTAPE 
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w v2  wbb 

115 

002056 

120 

002057 

045 

002000 

040 

002061 

040 

0020b2 

004014’ 

+LMPN 

002064 

104  -ASCII 

/DUMP 

/ 

002065 

125 

0020tb 

lib 

002067 

Art-|A(jn 

120 
r\A  a 

r w 

002071 

w 

040 

002072 

004444 ’ 

+DUMP 

002074 

114  -ASCII 

/LOT 

/ 

002075 

121 

002076 

124 

002077 

040 

002100 

040 

002101 

040 

002102 

004250’ 

+LOT 

002104 

125  -ASCII 

/SNAP 

/ 

002105 

lie 

002106 

101 

002107 

120 

002110 

040 

002111 

040 

002112 

004206’ 

+SNAP 

00211* 

112  -ASCII 

/•JSK 

/ 

002115 

125 

002116 

122 

002117 

120 

'''■‘21 2" 

102 

002121 

'■'42 

002122 

004044  ’ 

+LPPOP 

002124 

112  -ASCII 

/.I  Si  !■**•**/ 

002125 

125 

002126 

002127 

120 

0021o0 

lOo 

002151 

045 

002152 

004454  ’ 

+ 1SPPC 

002154  000000  +0 


5 DUMP  UPhuC 


; LOAD  CUANTIZfch 


1SNAP  A PICTUlti. 


; INVALID 


;jsp  pc.* 


002156;  004052’CP'JINT:  +UONUTH 
• to'!' 


WAIN  PhOCPAM  MODEL  li'4C  OPEP  ATII.C  SYSTEM 
JTAPE  4 

l.StftVICL  HUUTINES  >01.  UUPUS  COMMANDS 


2140 

016757 

TUN: 

MOV 

175770 

2144 

002162’ 

PUHOLL: 

+OHOLL 

2146 

CCCCCC' 

OCTAL 

2160 

000154’ 

NukC.t 

2152 

000006 

CC2154 

1C442C 

RETURN 

CC1  156 

C02727  TO: 

ALL 

l/'dt  ( PC ) + 

CC2162 

+c 

CC2164 

OCTAL 

CC2166 

CC2144 ' 

PUliOLD. 

6 

CC217C 

CC2172 

CCCCCC’OCTAL 

CC2174 

CC2162’ 

UHOLD.C 

| 

CC2176 

CCCCC6 

CC22CC 

1C442C 

RETURN 

i 

CC22C2 

CCCCCC’TONN: 

CRLi 

CC^C4 

AAAAAA • 

OCTAL 

PNLLGfb 

CC22C6 

CCC15C' 

I 

CC221C 

CCCCwb 

AAAAAA 1 

ST h i NO 

•ASCII 

CC2214 

C^C 

/ / 

j 

CC2215 

C4C 

CC2216 

ccc 

•BYTE 

c 

1 

CC222C 

• EV  EN 

CC222C 

C127C3 

MOV 

R7*R3 

i 

CC2224 

CCCCCCTUNN2: 

OCTAL 

i 

CC222C 

CCC134 ' 

iiPEG.e 

CC223C 

CCCCC6 

CC2232 

C16767 

175676 

177722 

MOV 

NBECit  IIHOL!) 

C C224 C 

C6276? 

AAA A A^ 

175666 

ALL 

#2t  NBEG 

CC2246 

C26767 

175662 

175662 

CMP 

NBEG.NBEG+2 

i 

CC2254 

1C1CC5 

BHI 

TURN* 

CC2256 

CC53C3 

1>EC 

iii5 

i 

CC226C 

1CC361 

BPL 

TUNN2 

CC2262 

CC4567 

CC1644 

JSR 

H5. ABORT 

CC2266 

CCC745 

Bh 

TUHN 

V v ^ ^ V 

1C442C  TUNHXs 

RETURN 

CC2272 

CC5767  CUNNs 

CCCC46 

TST 

OSOPF 

! CHECK  WHETHER  OVERSTORE 

CC2276 

CC14C4 

BEO 

CUNN2 

• PROTECT  IS  IN  EFFECT 

CC23CC 

C26727 ' 

17563C 

CMP 

HBEG»#UFPER 

SUPPER  LIMIT  OF  OS 

AAAAAA 

4 

CC23C6 

1C34C7 

BLO 

CUNNE 

5 TREAT  LIKE  MEMORY  TRAP 

CC231C 

Cl 6777  CUNN2: 

170622 

175616 

MOV 

NBEG+2»^BEG 

IMAKE  THE  CHANCE 

CC2316 

C1676V 

175612 

177636 

MOV 

NBEG.UHOLL 
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002524 

104420 

RETURN 

002326 

000167  CUNNE: 

w W lOki. 

JMP 

MEM TUP 

1 

1 

002332 

005067  OSOPB: 

CLP 

OSOPF 

1 

002336 

1 04420 

RETURN 

002340 

012727  OSOp: 

sov 

»li  (PCI  + 

| 

002344 

+1 

1 

002346 

104420 

RETURN 

• BliLAKUI  SiT  ti.AhEE/lUShhLl, 

1 

002350 

104422  BUS 

HTEST 

i 

002332 

042777 

175442 

BIO 

#BIT3.(;MP 

/ 

002360 

104420 

RETURN 

002362 

104422  BE: 

HTEST 

002364 

052777 

AAAA J A 

175430 

BIS 

#BIT3.feMP 

002372 

104420 

RETURN 

S.IUMP  OPTIONS 

002374 

104422  JZ: 

HTEST 

002376 

042777 

AAAAMA 
w wvvCw 

17541b 

BIC 

#BIT4»@MP 

002404 

104420 

HETUj.N 

002406 

104*22  JB: 

HTEST 

002410 

052777 

000020 

175404 

BIS 

0BIT4tW(P 

002416 

104420 

hETURN 

SLIST  OPTIONS 

002420 

104422  EE:  List 

ri'i&ST 

002422 

116777 

175477 

175426 

MOVB 

CBEG+l*("LOpT 

002430 

1 04420 

RETURN 

002432 

017700  LSTATs 
175420 

MOV 

WLOPT.R 

002436 

AAAAAA • 

TYPE 

002440 

104420 

hETURN 

9 

SHUN  OPTIONS 

002442 

104422  HSsBls 

HTEST 

002444 

116777 

MOVB 

CBEG+1 1 **R0PT 

175455 

175402 
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002452 

104420 

HETUhN 

002454 

017700 

175374 

HOT AT: 

MOV 

OROPT.R 

CC246C 

AAAAAA • 

TYPE 

RETURN 

002462 

104420 

002464 

010077 

175312 

HALT: 

MOV 

R.6MHALT 

002470 

104420 

RETURN 

002472 

C32777 

040000 

175322 

TJ: 

BIT 

MBIT  14. CMP 

002500 

001406 

BEU 

TJl 

002502 

SIR  I NO 

002504 

040 

•ASCII 

/ EMPTY/ 

002505 

1C5 

002606 

113 

002607 

120 

002510 

124 

002511 

131 

002ol2 

ccc 

•iSXT£ 

2 

002514 

• EVEN 

002514 

104420 

RETURN 

002516 

TJl: 

OCTAL 

002520 

CCCC1 6' 

f'.T  . 6 

002522 

002524 

104420 

HETUHN 

; INPUT 

AND  OUTPUT  PliO  MODES 

002526 

012702 

CIMP: 

MOV 

MjsITO.itP 

002532 

000402 

i>H 

CJMP2 

002334 

C127C2 

222222 

1C4422 

CJMP: 

MOV 

MBIT1.E? 

002540 

CJMP2: 

HTEST 

002542 

050277 

175254 

BIS 

HP.OMP 

002346 

104420 

RETUHN 

002550 

012702 

CIMK: 

MOV 

MBIT0.H2 

002554 

AAA^AO 

BR 

CJMW? 

002556 

012702 

AAAAAp 

CJMW: 

MOV 

#BIT1.R2 

002562 

104422 

C.JMN2: 

HTEST 

002564 

040277 

175232 

BIC 

H2.fiMP 

002570 

104*.  20 

RETURN 

002572 

012702 

TIM: 

MOV 

MBITO.  li2 

002376 

000402 

Bh 

TJM2 

002600 

C127C2 

222222 

TJM: 

MOV 

MBIT1.H2 

002604 

012700 

0CC127 

T'JM2: 

MOV 

M’W.W 

002610 

030277 

BIT 

H2.6WP 

175206 
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002614 

001402 

BiQ 

TJM3 

002616 

012700 

«vvl2« 

MOV 

* ’ 2.  n 

002C22 

000000 ’T-TK3: 

TYPF 

002624 

104420 

Rii’l'URk 

002626 

104422  XCTNMN: 

HTfcbT 

00i'630 

012700’ 

CCClo* 

MOV 

ffNLfcC.1-,0 

002634 

012701’ 

0025^2 

MOV 

OX6T2 » h 1 

CCic  640 

012021 

MOV 

(hOI+»(Hl)+ 

002642 

012021 

MOV 

cno>+»ira)+ 

002644 

011011 

MOV 

( x-  0 ) » ( jt  1 ) 

002545 

004557 

002054 

Jbh 

H5.XMI 

OOi :652  000000  XOT2:  + 0.0.0 

002654  OOOOOO 

C0265 l oooooc 

002660  104420  hfcTURN 

JTYVi  MICVOAU5I.KSR  AMO  Mirw''T*,5,f,^TTn 


002552 

104422  1 A: 

HTKbT 

C02’664 

AArt AAA  V 

OCTAL 

002666 

AAA  A^jA  • 

MA.4 

002670 

AAAAA^J 

002672 

104420 

RL'i'UM. 

002674 

016737  TN: 
175234 

MOV 

i'll ) + 

002700 

002776’ WlhuLL: 

+MH0LL 

002702 

104422 

MUST 

002704 

017746 

175120 

MOV 

CMA.-tSPl 

002710 

016777 

175220 

175112 

KjV 

MBfiG  *C;fi  A 

002716 

004767 

000232 

•Jlill 

PC. TK INST 

002722 

012677 

175102 

MOV 

(Sf-l  + .PMA 

002726 

002734 

002736 

0027*0 

042777 

176000 

175074 

10442  0 

1 04422  TMs 

RIC 

RbTOM. 

li'TfcbT 

OCTAL 

/V176000.MHA 

002742 

CCCCiiC  * 

MA.4 

CJfcWi 

002746 

01V7t7 

1 75056 

AAAAM-, 

wwuwCC 

Mu* 

'■(iA.MiiULix 

002754 

042767 

i>lC 

#17t.000»i'i:u 

1 76000 
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CO'Vlv 

004767 

0001 t < 

f ' . 

K* » « T • i 

' r 4 • t 

1 04^20 

K H.Tfipr 

COVyC 

i C--22  7: 

• T fiSv 

. ^ r V/ 

v.l  e <f  < 

1 * i 

* 77  L 

,, 

^wv»  wv*v 

r • .. 

e ...  $ 

Jbij.i, 

rt/>*  • 

V W*  ju 

uv<.  I ww 

'1AA  Aa 

uuwyvi 

• jj.i- * 

017?-  I 

IVoOlt 

■' . 

* Sr) 

CL  '-  w .1  i.. 

; It  7 7 7 

1 7 77*  0 

i 76010 

i <i 

.•  :i 

04277? 

1 ft  000 

i 7.  007 

-lb 

».  1 vt  CCCt- 

CCAC2*- 

004  Vby 

00012? 

.J  • 

H.  * »-.;■* 

„ . 

01  7 i 7? 

1 7-7?  2 

. 

' > ' 

( . * ) v t ■.  • • ; \ 

Of  ;■??? 

17C000 

1 74764 

BIC 

*1 71  000*  '!■" 

CCcC'j^t 

1 04420 

Ivullihl. 

CCoCMG 

1 04-127  1 11  if  s 

CCowO'J 

01774b 

1 74? 64 

MO  V 

v M A ? - ( Br) 

016777 

173034 

174746 

l:oV 

:<£bb*i  .’SA 

003062 

000000’ TliiiOi 

CJtLf 

CC3C<>4 

03277? 

174736 

BIT 

»7.GHA 

006072 

001001 

BN  IS 

TNIJ3 

0030?** 

AOAAAA t 

Citiii 

cc3c?6 

000000'T!JN3: 

OCTAL 

0031 00 
005102 

AAAA'/ A • 

VWV vOu 

000004 

MA.4 

0031 04 

017767 

174720 

177664 

u0¥ 

|B*‘A  * ’’HOLD 

003112 

004  767 

000036 

JSh 

K.TMIHST 

00311b 

027767 

174706 

173012 

CM  r 

v«A*rti>£.6+2 

003124 

100003 

BBL 

TNNX 

003126 

005277 

174676 

INC 

f*!A 

ww3 132 

004367 

000774 

Jt>« 

h3. ABOUT 

003136 

WWW 

Bh 

TNIJ2 

003140 

012677  TNNXS 

MOV 

( SPI  + »€+1A 

174664 
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003144 

042777 

176000 

174656 

BIC 

«176"''0.t‘«A 

003152 

104420 

RETURN 

003154 

000000'TEitiST: 

OCTAL 

SlYPE  CURRENT  MICRO I N STB UC1 1 JR 

003156 

003160 

0031o2 

CCCC36* 

CCCCCb 

MIlt6 

ArtrtrtAA f 

OCTAL 

003164 

AAAA'U  • 
wwwwOt 

MI2.6 

0031CG 

AAAAA/- 

WWWWwD 

003170 

OCTAL 

003172 

000032* 

MI3.6 

003174 

003176 

000207 

HTS 

PC 

rtm  VARIOUS  MICROPROCESSOR  REGISTERS 

003200 

AAAAAAlljlJ  s 

OCTAL 

CC32C2 

000044  * 

HIIA.4 

003204 

003206 

000000' TAST: 

STB IMG 

003210 

040 

•ASCII 

/ */ 

00321 1 

052 

003212 

AAA 

•BYTE 

2 

AA  , » | 

uwOci*! 

• £.  V JLN 

003214 

104420 

BETUBN 

003216 

104422  TUS 

ttl&sl 

003220 

cccccc* 

OCTAL 

003222 

AAAAAA • 

MD.4 

003224 

003226 

104420 

RETURH 

003230 

104422  TS: 

HTEST 

003232 

AAAAAA • 

OCTAL 

003234 

003236 

A AAA A^ V 

HS*4 

w*  w w4 

1C442C 

RETURN 

OCTAL 

Cw324w 

CC3242 

003244 

000022* 

MP.6 

003246 

AAAAA^ 

003250 

104420 

RETURN 

003252 

AAAAAAl^, 

OCTAL 

003254 

000046* 

MBIAt4 

003256 

AAAAA^ 

CC326C 

000752 

BR 

TAST 

003262 

AAAAAA  f (jl  ^ # 

OCTAL 

003264 

AAA A4 A • 
wwwwTtb 

MXI At6 

\ 

003266 

AAAAAt 

OwwwwD 

* 

003270 

000746 

BR 

TAST 

* 

003272 

AAAAAA  • f|l  Y • 

OCTAL 

003274 

AAAAAA 1 

MY  I A» 6 

\ . 

003276 

AAAAAl 

wwvwwU 

CC33CC 

000742 

BR 

TAST 

• CHANGE  VARIOUS  MICROPROC  REGISTERS 
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*«n — w — <qpr«r- 


003302 

104422  CAN: 

HTEST 

003304 

016777 

174624 

174316 

MOV 

NBEG.6XA 

003312 

017746 

17*012 

MOV 

6MA.-ISP1 

003316 

042716 

176000 

me 

#176000. (SP) 

026726 

174606 

CM! 

NBEG*  < SP)  + 

wwv^526 

001045 

BNE 

CERR 

003330 

104420 

RETURN 

C 03332 

104422  CNNNN: 

HTEST 

003334 

017746 

174470 

MOV 

f?MA»  - ( SP) 

003340 

012700' 

000134 

MOV 

#NBEG.R 

003344 

011067 

177426 

MOV 

(R).MHOLD 

003330 

01 107? 

174454 

MOV 

iKi.exA 

003354 

017746 

174450 

MOV 

H-IA.-(SP) 

003350 

042716 

176000 

BIC 

#176000. I SP) 

003364 

022026 

CM2 

(R)+. ISPI+ 

003366 

001025 

BNE 

CERR 

003370 

01107? 

174442 

MOV 

(R).MMIl 

003374 

02207? 

174436 

CMP 

(R)  + .t'MIl 

CC34~C 

001020 

RNE 

CERR 

w w«JTE 

01107? 

174426 

MOV 

(R).^I2 

003406 

022077 

174422 

CMP 

(RI+.6XI2 

003412 

001013 

BNE 

CERR 

003414 

011077 

174412 

MOV 

(K).0MI3 

003420 

022077 

174406 

CMP 

(RI+.0MI3 

003424 

001006 

BNE 

CERR 

003426 

01167? 

lY43Vb 

MOV 

(SPI.6XA 

003432 

022677 

l?4o?2 

CMP 

UP)+.f<MA 

003436 

001001 

NOP 

003440 

104420 

UPTURN 

003442 

000000' CERR: 

STRING 

105 

•ASCII 

/ERROR  IN  READ  RACK/ 

003445 

122 

003446 

122 

003447 

117 

003450 

122 

003451 

040 
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003452 

111 

003453 

lit 

003464 

040 

003465 

122 

003456 

105 

003457 

101 

003460 

104 

003461 

040 

003462 

102 

0034b3 

101 

003464 

103 

003465 

113 

003466 

007 

•BITE 

BELL » 0 

00346? 

000 

003470 

•EVEN 

003470 

104420 

hETUHN 

005472 

016777 

174436 

174344 

GIN: 

MOV 

NBEGtfeMIIA 

003500 

017777 

174340 

174310 

MOV 

@MIIA.e-M 

003606 

STKING 

003ol0 

040 

•ASCII 

/ PUSH/ 

005511 

120 

Z wOOl^ 

126 

003513 

123 

003614 

110 

003615 

AA<\ 

• BYTE 

c 

003616 

• EVEN 

003616 

104420 

hETUHN 

003620 

01677? 

174410 

174*274 

CPN: 

MOV 

NbEG.feWP 

003626 

017777 

174270 

174266 

MOV 

OKP.tiMP 

00353* 

104420 

PETUPN 

003536 

104422 

CkN: 

HTEST 

003540 

016777 

174370 

174300 

MOV 

NBEC*(*MBI  A 

003646 

017777 

174274 

174252 

MOV 

taABlA»WtB 

J 03664 

104420 

hETUHN 

003566 

104422 

CXN: 

HTEST 

003560 

016777 

174350 

174254 

MOV 

NBEG.UMXIA 

003666 

017777 

174250 

174216 

MOV 

uHXlA.WU 

003574 

104420 

HETUHN 

003576 

10442? 

CYNs 

HTEST 

-4  * T 


1 ' 1 * ~ 


003600 

016777 

174330 

174232 

MOV 

NREG.VMYIA 

003606 

017777 

174226 

174174 

MOV 

o HYIA.6MY 

00ocl4 

104420 

hfcTUHN 

003616 

104422  CMNNh: 

HTKST 

003620 

017767 

174204 

177160 

MuV 

U1A.MHOLD 

CCook;U 

a 1 > i ri  aa  • 
vkfvw 

CCC154 

MOV 

4NBEG.R 

003632 

011077 

174200 

MOV 

(H)  ifV.Il 

003636 

022077 

174174 

CMP 

II-)+.CMIl 

005642 

001277 

hNc. 

CERR 

003644 

01 1077 

174164 

MOV 

( t») 

003650 

022077 

174160 

CMP 

(RI+.6MI2 

003654 

001272 

BNE 

CEPh 

003666 

011077 

174160 

MOV 

(h  1 »(.:MI3 

003662 

02207? 

174144 

Ui  nr 

( ii  I + .CM13 

003666 

001266 

BNE 

CERR 

003670 

104420 

RETURN 

•MI ChO PROCESSOR  SELECTK 

003b72 

116700  CMP: 

174236 

MOVP 

NBECtli 

003676 

005300 

DEC 

!( 

003700 

046700’ 

177776 

BIC 

■#177776tR 

005704 

006300 

ASL 

R 

003706 

016001* 

003762 

MOV 

CM.PTABIR ) * HI 

003712 

005711 

TST 

(hi)  SCHICK  TO 

003714 

012702* 

AA AAAA 

MOV 

4MD.R2 

003720 

010122  CMPL: 

MOV 

hl.(h2)+ 

003722 

062701 

ADD 

42. HI 

003726 

020227’ 

AAAA^A 

CMP 

H2.4MI1+2 

003732 

100772 

PHI 

CMPL 

003734 

016001* 

003766 

MOV 

CMPTAB+41 H ) »hl 

003740 

012702* 

MOV 

4MYIA.R2 

000040 

003744  010122  CKPL2: 
003746  062701 

000002 


MOV 

ADD 


hit  ( R2H 
»2.hl 
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k 

I 


003752 

C2C227' 

AA/SACA 

wwwwOw 

CMP 

R2.#L0PT+2 

003756 

100772 

BMI 

CMPL2 

005760 

104420 

RETURN 

003762 

164000  CMPTAB: 

+MBASE1 

003764 

164040 . 

+HbASE2 

' 

003766 

000060' 

+IM1 

003 77C 

A A A«  AA  • 

vvwJ vw 

+ IM2 

003772 

012700  TMP: 

000061 

MOV 

#'1.R 

003776 

026727 

173776 

164000 

CMP 

MD»#MhASEl 

004004 

001401 

BEO 

TMP2 

004006 

005200 

INC 

K 

CO 401 0 

TYPE 

004012 

104420 

RETURN 

•COMMANDS  THAT  CONTROL  MICPOPPOCESSOh 

• G LO  Bk 

COAL 

004014  016705  LMPN: 

MOV 

NBEG.hb 

174114 

004020  004767' 

JSR 

PC. LOAD 

CCC"CC 

004024  104420 

RETURN 

004026 

012767 

AAAAA| 

PTBs  MOV 

174064 

004034 

104420 

RETURN 

004036 

005067 

174056 

PTE:  CLR 

004042 

104420 

RETURN 

004044 

ERROR:  STRING 

00404O 

077 

•BYTE 

004047 

007 

004052 

• EVEN 

004052 

104420 

DONOTH:  RETURN 

004054 

AAAAAA • 

MEMTRP:  STRING 

004056 

040 

•ASCII 

AAJ ACn 

vwTtwv  r 

102 

004060 

101 

004061 

104 

004062 

A^A 

004063 

101 

004064 

104 

* INTERNAL  OPERATING  SYSTEM  COMMANDS 
#1»  PTELAG 


PTELAG 


'TtbELL.O 


Zkk 


7 


r~ 


004065 

104 

• 

004066 

122 

004067 

105 

004070 

123 

004071 

123 

004072 

•BYTE 

BEUfO 

004073 

AAA 

004074 

•EVEN 

004074 

012706  RETUR*: 

AA^ AAA 

MOV 

<#1000.  SP 

004100 

022767’ 

AAAAAA 

CMP 

ffBUFFER. COLUMN 

004106 

AAAAA A 

WWUWWW 

001401 

REO 

RET? 

004110 

AAA AAA 1 

CRLf 

CC4112 

012705* RET2: 
000242 

JMP 

lime. 

0041 16 

CCC2C5 

004120 

AAAAAA  t p J •J1  • 

CRU 

004122 

005067’ 

077476 

CLR 

77476 

004126 

000167’ 

JMP 

77476 

077476 

•EOT 

•MAIN  PROGRAM 

1240  OPERATING  SYSTEM 

5 TAPE  5 

004 lo2 

1057o7  Asujt'i  : 
177560 

TSiB 

brt'i'AS 

004136 

1CCCC4 

BPL 

AB2  ;no  CHAR 

004140 

005767 

173754 

TST 

PTFLAG 

004144 

001001 

BNE 

AB2  ‘.READING  PTAPE 

004146 

005725 

TST 

(R5)+  S ERROR  RETURN 

004150 

000205  AB2: 

RTS 

R5 

004152 

005767  HTEST-: 
173672 

TST 

CM  bag 

004156 

001005 

rNE 

HT2  .RUNNING 

004160 

032777 

173634 

BIT 

#BIT9»@MP 

004166 

001401 

BEU 

HT2  SNOT  HALTED 

004170 

004172 

000205 

RTS 

STRING 

R5  SNOT  RUNNING 

004174 

122 

•ASCII 

/RUNNING/ 

004175 

125 

004176 

116 

004177 

116 

/'<'42AA 

111 

004201 

116 

AA42A2 

107 

004203 

AAA 

•BYTE 

i 


L 


n 


CC42C4 
I42C4  1C442C 


•tVEN 

hETUBN 


CC42C6 

C127CC  SNAP: 

MOV 

mKCS.N 

1 

164 ICC 

CC4212 

CC5C1C 

CLP 

(K) 

CC4214 

CCbCbC 

nnnni A 

CLP 

1CU<> 

; CC422C 

vwwwlw 

C1271C 

MOV 

i/bl » ( H ) 

L 

CCCC61 

CC4224 

C127bC 

vwvwvl 

MO* 

tfl.lCUtl 

CC1232 

A 

vwwwlw 

CCC24C 

NOP 

CC4234 

CCC24C 

nop 

CC4236 

CCC24C 

NOP 

CC424C 

C3271C  SNAP2: 

BIT 

#liITC»(K) 

CC4244 

CC1376 

BNE 

SNAP2 

CC4246 

1C442C 

it  Kill  it  N 

;loal  uuAiVil/iLit 


CC425C 

CC4252 

1C4422 

C127C1 

LOT: 

HTEST 

MOV 

#UIMAGE.E1 

! QUANT 

TABLE  IMAGE  IN  COPE 

CC4256 

A 1 AAAA 
wl  WWW 

CC5C67 

CLP 

QSEL 

SQUAUT 

SELECT 

CC4262 

CCCC5C 
C127C2 1 

MOV 

#QPAhM.H2 

5 QUANT 

PARAMETERS 

CC4266 

CC4354 

C122C3 

L0T2: 

MOV 

( R2)+»H3 

! ADDRESS  INCBEMENT 

CC427C 

C122C4 

MOV 

(P2)+»P4 

: ENTRY 

COUNT 

CC4272 

C122C5 

MOV 

IH2I+.F5 

! INITIALIZE  ALDhESS 

CC4274 

C1C5CC  LGT3: 

MOV 

R5*HC 

CC4276 

CC4767 

•ISH 

PC.L'LOAD 

;alluj.ss-»h 

CC43C2 

V V V w 

CC4567 

JSii 

hb.XMl 

AAA^*jA 

CC43C6 

A AAAAA 

+C»  71b* 

A 

;d+c-»t 

CC431C 

CCC716 

CC4312 

A AAA AA 

CC4314 

C121CC 

MOV 

(Rll+tRC 

CC4316 

CC4767 

JSlt 

PC.DLOAD 

;entry-»d 

CCC36C 

CC4322 

CC45C7 

JSlt 

B5.XMI2 

AAA^AA 

CC4326 

AAAAAA 

+C.12 

5 D->QUANTIZEfi 

CC433C 

CCCC12 

CC4332 

CCCCCC  QSEL: 

+c 
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34334 

363335 

ADI)  j<3tl<5 

SNOT  ADDhli.SE 

34336 

335334 

DU)  !<4 

5LNTMKS  KXHAUST LD? 

34343 

331355 

MIL  LC.I3 

;‘.o 

0434^ 

ce2?t>v 

ADD  <“  13033 1 OSfcL 

JMtXT  TAJ'Ll 

A 1 AAAA 

W J WWV/W 

i.  1 Wot 

3'i3o3 

13334  6 

ijDL  lot;; 

; i r-i-sA'i 

J't  OOitL 

1 3fxt3 

Kl/iUiW 

ii'Ai  .t*  .* 1 * /*. j^i  jl. 

3i.Ji.i- 

WWVWvX  Oil/.J* 

h;  +i  1 1 1 » i oo  «~.i  i c ; o 

3 

333133 

C*£*>CC 

/■«<"»  t » ■«  A /~\ 

wv»/l  vv 

v/‘iV>*  • * 

CO'JC'JL 

+ £j>l»JCC«-'  [ :0  ; 2 

>•• 

‘O  « *»  ' 

;*p;; i ^ 

'f>  t. 

w^wi ww 

* •.  . • • , 

C:CCC?# 

Wl'/tlCCf”  1‘  ' • < 

'r-*7>7? 

AAAj  r\  r\ 

C-  ’•'’<■ 

[ . 4 * 

”r::c3'! 

f t ; ? i o o *4  t , . 

: I 

*'  V /I 

AAAA  < A 

W VM  1 «/ 

+Hi3.irr-  • 

1 

w*''JlwW 

i; 

33331  :; 

+J-J  lot  1 C 3 r:  1 ! 

' 

033133 

.Ovvl 

oo'ovjo 

.'3  :•  - 3 

ooooi  o 

•t  : i 1 ■ * 1 33 1-  - J t 5 » 

1 

DC/,#*  f f 

r:cm 

y^*rt  k.i  *" 

AA»\,  A/\ 

^'V.  /;  *'  • 

WA-  v'  •■■ 

■ i ■( . t*  C3t-  i'li  ; '< 

4 

CC3134 


•'  t ■ r 


CC'i'i-'rC 

CC4‘t'*i:  1 C-V.i  rC 


.JMi  K*  ( "!>)■* 

:u!i  iTu,!. 
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DUMP  M.GISTL1-S  Alii)  SC  It  A VC  ii  '■.t'AO  iY 


004444 

104422  DUMP: 

it'i&ST 

004446 

017746 

173326 

r-:ov 

r*SD.-<SF> 

0044o2 

017746 

173326 

MOV 

(MS. -(DPI 

004456 

CCCCCC' 

OCTAL 

004460 

004462 

CCCCC4 

+MA.4 

0044b4 

wuuwuw 

OCTAL 

004466 

004470 

A A A A A A • 

000004 

+MD.4 

004472 

AAA AAA V 

OCTAL 

CC4474 

CC4476 

CCCCC4 ' 

CCCCC4 

+MS.4 

CC45CC 

004567 

000222 

JSh 

R5.XMI 

004504 

004506 

004510 

000211 

A A A A A A 

+0.211. 

C * < 

004512 

AAAAAA V 

OCTAL 

0045 14 

004516 

CCC~C4 

+MS.4 

004520 

— 

CKL1 

C 04522 

CC5C67 

A,  A»  At 

CLP 

DUMP3 

004526 

004567  DUMP2: 

000174 

JSR 

R5.XMI 

004532 

004534 

004536 

000000  DUMP3: 
00031 1 

AAAAAA 

+0.311. 

A • < 

w f 

004540 

AAAAAA V 

VUt/UWU 

OCTAL 

004542 

004544 

AAAAA^ • 

+MS.4 

004546 

005267 

177760 

INC 

DUMP3 

004552 

032767 

A\  A AAAIjJ 

177752 

BIT 

#?»DUMP3 

004560 

001001 

BNL 

•+4 

004562 

AAAAAA 1 

CRLP 

004564 

026727 

177736 

A AA  A*^A 

CMP 

DUMPS. #20 

004572 

001355 

BNE 

DUMP2 

004574 

005067 

000006 

CLR 

DUMP6 

004600 

AA A A AA f 

LnLi 

004602 

004567  DUMP5: 

JSR 

R5.XMI 

;0+R0(B)->S 


CCC12C 


004606 

004610 


000000  DUMP6: 
001010 


+0.1010.0 


5S0->D 


04612  oooooo 


004614 

AAAAAA f 

i Aij 

004616 

CCCCCC' 

+MD.4 

004620 

AAAAA J 

WWW  W*X 

004622 

062767 

ABB 

#1000. DBM P6 

177756 

004630 

052767 

BIT 

#7000. BUM P6 

A AyAAA 

177750 

004636 

001001 

BNE 

•+4 

004640 

CRLP 

004642 

005767 

TST 

DUME6 

177740 

004646 

100555 

BPL 

BUM  P5 

004650 

012600 

MOV 

(SPI+.BC 

004652 

004767 

JSP 

PC. BLOAD 

;oi,d  s->o 

000024 

004656 

004567 

.ISP 

1(5.  XMI 

000044 

004662 

cccccc 

+0.711. 

0 ?l!+0 

->s 

004664 

000711 

004666 

2C22C2 

0046 VO 

012600 

MOV 

( SP)+» AC 

0046V2 

004767 

JSR 

PC. BLOAD 

! BOS TORE  0 

004676 

AAAAAA 1 

CELi 

004700 

104420 

RETURN 

004702 

042700  BLOAD: 

BIC 

#170000. B0 

004/ Co 

C 1 CCbV 

MO* 

B0. 01,2 

000010 

004712 

004567 

JSfi 

B5.XMI 

004716 

AAAA J A 

AAAAAA 

+0.7010 

; o-> 

D 

004720 

007010 

004722 

000000  UL2: 

+c 

004724 

000207 

UTS 

PC 

; EXECUTE  MICROINSTRUCTION 

004726 

010446  XM1: 

MOV 

H4.-ISP) 

004750 

016704 

rIOV 

MA.B4 

175074 

004754 

011466 

MOV 

(R4I.-ISP1 

{SAVE  MA 

000030 

004740 

005024 

CLP 

(U41  + 

5MA=0 

004742 

012446 

MOV 

U(4I+»-(SP) 

•SAVE  MI5 

004744 

012446 

MOV 

(H41+.-ISPI 

t SAVE' MI  2 

004746 

011466 

MOV 

( H4 ) »■( SP) 

{SAVE  Mil 

CCCC36 

(Oof 

004752 

012514 

MOV 

(B5I+.IH4) 

•HEW  Mil 

004754 

012544 

MOV 

(B5I+.-IR4) 

{NEK  MI? 

004756 

012544 

MOV 

IH5I+.-IR4) 

{NEW  MI3 

004760 

052777 

BIS 

#BIT5.eMP 

SSTEV  wn|)F 

175034 
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004766  005077 

CLR 

UMGO 

173026 

004772  000240 

Nuft 

004774  006077 

CLP 

@MHALT 

173002 

005000  022424 

CM2 

(R4)+t (R4>+ 

; BUM P TO  Mil 

006002  005077 

CLh 

WMA 

173022 

005006  012614 

MOV 

(SP)+.(R4) 

! RESTORE  Mil 

005010  012644 

MOV 

(SP)+»-(R4) 

5 RESTORE  MI 2 

005012  012644 

MOV 

(SP)+»-(R4) 

5 RESTORE  MI 3 

005014  012644 

MOV 

(SP)+."(R4I 

; RESTORE  MA 

005016  012604 

MOV 

(SPI+.R4 

005020  000205 

RTS 

R5 

000152 

•END 

PEG  IN 

AROHT 

0041o2« 

AtSc 

004150k 

RD 

002350ft 

RE 

002362R 

REGIN 

000152ft 

RELL 

a 

000007 

PI  TO 

= 

/>A/>  A A J 

JJlTl 

= 

CCCCC2 

RIT10 

= 

aaoaaa 

wwCwww 

RIT11 

= 

RIT12 

= 

010000 

RIT13 

= 

020000 

RIT14 

= 

040000 

EIT15 

= 

4 A A A A A 

iwwvvw 

BIT2 

= 

AAAAA4 

BIT3 

= 

000010 

RIT4 

= 

AArtAHA 

W«/W  wfc  W 

BITS 

= 

000040 

RIT6 

S 

Art  A J A A 

RIT7 

= 

CCC2CC 

RIT8 

= 

/'/'C4CC 

PI  19 

= 

CC1CCC 

BRANCH 

= 

******  G 

BUFFER 

= 

******  g 

CAMCS 

= 

164100 

CAN 

003302k 

CRE'C 

000124ft 

CRN 

003636R 

CKND 

000132ft 

CERR 

003442R 

CHAR 

000332R 

CHA1-.2 

000342k 

GIMP 

002626)* 

CIM'rf 

002550R 

GIN 

003472k 

CJMP 

002534ft 

C.JMP2 

00254 OR 

CJMW 

002556ft 

CJMW2 

0025C2R 

CMNIIN 

003616h 

CMP 

003672ft 

CM  PL 

003720P 

CMPL2 

0 03744 h 

CMPTAR 

003762R 

CNHNM 

003332P 

COLUMN 

= 

******  G 

COMMAM 

001052ft 

COMMEN 

000366ft 

COM2 

001066R 

CPN 

003520ft 

CPOINT 

002136ft 

CH 

= 

000015 

CHLP 

= 

******  c 

CTAR 

001204ft 

CUNN 

002272h 

CU.NNE 

002326R 

CUN  M2 

00231  OR 

CXN 

003656k 

CYN 

w Coo  /Uii 

A/£i1jUI! 

a 

AA A A . A 

DUNE 

000416k 

DLUAD 

004702ft 

DL2 

004722R 

DONOTH 

004052R 

DUMP 

004444a 

DOM  PE 

ZZ'toic.Oh 

DuMP3 

004532k 

DUMP6 

004602ft 

DUMPt 

0046 06R 

ELINE 

0004 12R 

ERROR 

004 044 ft 

EXIT 

00*1 ?0R 

FSMCS 

= 

164100 

GO 

000424R 

GOCh 

a 

A AAAAfy 

VWt/VW  » 

COX 

000560ft 

G02 

AAAUAM(, 

w w wW  w C Xt 

C03 

000530R 

G04 

000562ft 

HALT 

002464ft 

HTEST 

s 

104422 

HTEST* 

004152HG 

HT2 

004172R 

IM1 

000060ft 

I M2 

AAA  J AA|^ 

JB 

002406ft 

•I  SR  PC 

004434ft 

JZ 

002374R 

LD 

00242 OR 

LE 

002420R 

LF 

a 

000012 

LINE 

00024P.R 

LMPN 

004014ft 

LOAD 

S 

******  (; 

LOOK 

001 102R 

LOOKX 

001164) 

'■  H)K2 

001114k 

LOOK  3 

001134R 

250 


L00K4 

CC116CB 

LOOK  5 

CC117CR 

LOPT 

CCCC5CR 

LOT 

CC425CR 

LQT2 

CC42ttF' 

L0T3 

CC4274F 

LSTAT 

CC2432P 

LSTEP 

CCC57CR 

MA 

CCCC3CRG 

MASTER 

CCC656R 

MB 

CCCC26R 

MBASE1 

= 1 64000 

MBASE2 

= 164C4C 

MBIA 

CCCC46R 

MCLR 

CCCCCCli 

MCLRCH 

vwvwCv 

MD 

CCCCCCR 

MEK'ihP 

004G54R 

MGO 

wvwvCvil 

MHALT 

AAAAAAl. 

vvvww^B 

MHOLL 

CC2776R 

MI 

CCCC16R 

MI  I A 

CCCC44R 

Mil 

00CC36R 

MI  id 

CC0C.O4K 

MI  3 

CCCC32R 

MJ 

00C016R 

MB 

222222b. 

MS 

CCCCC4R 

MX 

C0CC12R 

MXI A 

CSCC42IJ 

MY 

AAA  A 1 AT; 

MY  I A 

222242b 

MZ 

CCCC14R 

NBEG 

CCC134R 

NLND 

0G0146R 

NUMBER 

CCC7C6R 

NUMERR 

CC1C44R 

HUMT 

C00736R 

11 11  MB 

CCC74CR 

NUM3 

CCC?56fl 

NIIM5 

C01G16R 

KUM6 

CC1C2CR 

OCTAL 

= ******  g 

OSOP 

00234 OR 

OSOPD 

CC2332K 

OSOPE 

CC2344R 

PC 

_^AAA  AAf^ 

PKHOLD 

222722b 

PN  BEG 

AAAI  A' 

vvviOwA 

PTB 

CC4C26R 

PTE 

CC4C36R 

PTELAG 

CCC12CR 

PUHOLD 

CC2144R 

Cl  MAGE 

AJ AAAA 

QPARM 

CC4354R 

OSEL 

C04332R 

H 

^^AAAAAA 

RCNT 

CCCC52R 

READ 

= ******  G 

RETURN 

= 1C4420 

RV.TUR* 

CCaC74PG 

PET? 

CC4112R 

RE 

CC2442H 

RELAG 

AAA  AC  ATI 
MWVWWvP 

ROPT 

000054R 

PS 

CC2442R 

RSTAT 

CC2454R 

RC 

^AAAAAA 

HI 

AAA AA^ 

R2 

•J  AAAAAA 
~ '*  WVWK/C 

R3 

R4 

=%CCCCC4 

R5 

f^AAAAA^ 

SAVCH 

000122R 

SCAN 

222c.V2n 

&CaN2 

GG03G2H 

SNAP 

CC42C6R 

SNAP2 

CC424CR 

SP 

. •!  AAAAAC 

SPACE 

CCC4C6H 

STEP 

CCG642R 

sTkINg 

= ******  g 

T 

CC277CH 

TA 

CC2662R 

TAST 

CC32C6R 

i'B 

GC3252R 

Ti) 

CC3216B 

TI 

003200R 

TIM 

CC2572R 

TJ 

CC2472R 

TJM 

CG2600R 

TJM2 

CC26C4K 

TJM3 

CC2622H 

TJ  1 

CC2516R 

TKS 

= 177560 

TM 

CC2736H 

TMINST 

C03154R 

TMP 

CC3772R 

TMP2 

CC4C1CR 

TN 

CC2674R 

TNN 

CC3C46R 

TNNX 

CC314CR 

TNN2 

C03062R 

TNN3 

CC3C76R 

TP 

CC3242R 

TS 

C0323GK 

TTY BEG 

= ******  G 

TTYEND 

= ******  G 

TU 

002156R 

TUN 

CC214CR 

TUNN 

CC22C2P 

TUNNY 

C02270R 

TUN  M2 

CC2224R 

TX 

CC3262R 

TY 

003272R 

TYPE 

= ******  G 

UHOLD 

CC2162R 

UPPER 

- ******  c 

XMI 

CC4726R 

XQTNNN 

CC2626F 

X0T2 

CC2652R 

• 

= CC5C22R 

1 251 

\\ 
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MODIFIED  EXECUTE  MICROINSTRUCTION 


7400 

010446 

XMIZi  MOV 

R4,-(SP) 

7402 

013704 

001030 

MOV 

@#MA , R4 

7406 

011446 

MOV 

(R4) , - (SP) 

|SAVE  MA  , 

7410 

005024 

CLR 

(R4)  + 

j MA  = 0 

| 

7412 

012446 

MOV 

(R4) + , - (SP) 

{SAVE  MI  AT  LOC  0 

7414 

012446 

MOV 

(R4)+,-lSP) 

7416 

011446 

MOV 

(R4) , - (SP) 

1 

7420 

005014 

CLR 

(R4) 

j NOP  LOC  0 i 

7422 

012744 

000010 

MOV 

#10, -(R4) 

J 

7426 

005044 

CLR 

-(R4) 

1 

7430 

012744 

MOV 

#1 ,-(R4) 

»MA=1 

000001 

7434 

005724 

TST 

(R4)  + 

J 

7436 

012446 

MOV 

(R4) + , - (SP) 

;SAVE  MI  AT  LOC  1 

7440 

012446 

MOV 

(R4) + , - (SP) 

7442 

011446 

MOV 

(R4) , - (SP) 

7444 

012514 

MOV 

(R5) + , (R4) 

;NEW  MI  LOC  1 

7446 

012544 

MOV 

(R5)+.-(R4) 

7450 

012544 

MOV 

(R5)+.-(R4) 

7452 

005044 

CLR 

- (R4) 

j MA  = 0 • 

7454 

017746 

171342- 

MOV 

“MP, - (SP) 

j 

7460 

012777 

000040 

171334- 

MOV 

#40,@MP 

7466 

005077 

171326- 

CLR 

@M60 

7472 

000240 

NOP 

7474 

005077 

171320- 

CLR 

@M60 

4 

7500 

000240 

NOP 

7502 

012677 

MOV 

(SP) + ,@MP 

171314- 


7506 

012724 

000001 

MOV 

#1, (R4)+ 

7512 

022424 

CMP 

(R4)+,(R4)+ 

751^ 

012614 

MOV 

(SP)+ , (R4) 

7516 

012614 

MOV 

(SP)+,-(R4) 

7520 

012644 

MOV 

(SP)+,-(R4) 

7522 

005044 

CLR 

— (R4) 

7524 

062704 

000006 

ADD 

#6,r4 

7530 

012614 

MOV 

(SP)+, (R4) 

7532 

012644 

MOV 

(SP) + , - (R4) 

7534 

012644 

MOV 

(SP)+,-(R4) 

7536 

012644 

MOV 

(SP)+,-(R4) 

7540 

012604 

MOV 

(SP) + ,R4 

7542 

000205 

RTS 

R5 

253 


■MitfttakMH 


iii  -f ’iif 


TITLE  LOAD  MICROPROGRAM 


; JSR  PC . LOA1) 

{RELOCATION  BASE  IS  IN  R5 


CCCC14 

CC4567  LOAD: 

CCC344 

JSH 

%5»INP  ;*** 

C227CC 

AAAAA^ 

CMP 

#1.R  5 

CC1373 

BNE 

LOAD  i SCAN  AnAY  LEADER 

CCCC26 

C167C4’ 

AAAAAA 

MOV 

MA.A 

CCCC32 

Cl 1446 

MOV 

(A). -ISP)  ;SAVE  MA 

AAAA^ 

C1C&14 

MOV 

BASE, (A)  5STAPT  AT  RELOCATION  BASE 

/'AAr'3(j 

C1C52? 

MOV 

BASE. (PC )+ 

AAAA^A 

cccccc  Bi.nr.if* 

+c 

•BEGINNING  OF  BLOCK 

CCCC42 

CC5C27 

CLR 

<PC>  + 

CCCC44 

CCCCCC  CHIC  SUMs 

♦c 

CCCC46 

C127C1 'LOOPA: 

AAAAAA 

MOV 

#BUF»R1 

CCCC52 

CC4567  LOOPB! 
CCC3C6 

JSB 

%5,INP 

CCCC56 

C6CC67 

177762 

ADD 

K.CHKSUM 

AAAAC'l 
www wUC 

11CC21 

MOVB 

R.(R1>+  {READ  6 CHARACTERS 

CCCC64 

C2C127' 

AAAAAg 

CMP 

R1.0BUF+6  {INTO  BUF  TO  BUF+5 

AAAAI1A 
wwww f w 

1CC77C 

BMI 

LOOPB 

C26727 

1777C4 

16CCCC 

CMP 

BUF+2.#16CCCC 

AAAJAA 

1C3C26 

BHIS 

CTRL  {CONTROL  WORD 

CCC1C2 

C127C2' 

MOV 

#BUF+12*»R2 

CCCC14 

25^ 

» a**  r 


V — 


CCC1C6 

Cl 67 C3" 

C14113 

MOV 

MA+2.R3 

MOV 

“(HI  1 . iR3)  {MOVE  TO  CONTROL 

CCC114 

C12342 

MOV 

(R3)+.,-(R2){  STORE  AND  READ 

CCC116 

C14113 

MOV 

-(R1).(R3)  (BACK  INTO  BUI+6 

CCC12C 

Cl 2342 

MOV 

(R3)+.-(H2)5T0  BUP+11- 

CCC122 

C14113 

MOV 

“(  Jtll  » ( jio( 

CCC124 

C12342 

MOV 

(R3)+,-(R2) 

CCC12b 

C22122 

CMP 

( R1 )+* ( R2)+  {CHECK  FOR  ERROR 

CCC13C 

CC1C73 

BNE 

EPP  {IN  READBACK 

CCC132 

C22122 

CMP 

1 HI ) + » (R2)  + 

CCC134 

CC1C71 

BNE 

ERR 

CCC136 

C22122 

CMP 

(R11+.IR2I+ 

ACC14A 

CCICb? 

BNE 

ERR 

C0C142 

Cl 144b  OUT: 

MOV 

(A).-(SP) 

CCC144 

C42716 

176CCC 

■lilC 

tflVtoCCC.ISP) 

CCC13C 

CC521b 

INC 

(SP) 

C0C152 

C12614 

MOV 

(SP)+.(A>  {NEXT  UINSTR  TO  NEXT  LOC 

CCC154 

CCC734 

Bh 

LOO  PA 

CCClbb 

C21437  CTRL: 

CMP 

(A).HPCK  {COMPARE  CURRENT  ADDRESS 

CCC16C 

CCCC4C*  PBLOCK: 

+BL0CK 

•KITH  BEGINNING  OF  BLOCK 

CCC162 

CC141C 

BEG 

CTRL2  {NO  UINSTR  IN  BLOCK 

CCC164 

CC5314 

DEC 

(A) 

ccciee 

AAAAAA • 
wwwwvv 

OCTAL 

CCC17C 

CCC16C 

+ PBLOCK 

.4 

CCC172 

CCCCC4 

CCC174 

AAAAAA • 

OCTAL 

CCC176 

AAAAAA 1 

+MA.4 

CCC2CC 

AAAAA^ 

CCC2C2 

AAAAAA 1 

CRLI 

{TYPE  OUT  BLOCK  LIMITS 

CCC2C4 

C167CC  CTRL2: 

177374 

MOV 

BUE+4.R 

CCC21C 

CbCtCC 

ADD 

BASEtR 

CCC212 

C427CC 

176CCC 

BIC 

#176CCC*R 

CCC216 

C1CC14 

MOV 

R.(A>  {CHANGE  MA 

CCC22C 

C1CC67 

177614 

MOV 

R. BLOCK  {RESET  BLOCK  BEGINNING 

CCC224 

C32767 

A J AAAA 

17733C 

BIT 

PlCCCC.BUi+2 

CCC232 

CC17C5 

BEG 

LOOPA  {CONTINUE  READING  TAPE 

CCC234 

CC4567 

CCC124 

JSR 

%5.INP  {GET  CHKSUM 

CCC24C 

12CC67 

1776CC 

CMPB 

RtCHKSUM  {CHECK  IT 

CCC244 

CC1412 

BEG 

CTRL3  {IT  CHECKS 

CCC246 

AAAAA^I  t 

STRING 

•ASCII 

CCC25C 

1C3 

/CHECKSUM  ERROR/ 

| 255 


BYTE  BELL.BELL.Ch 


000251 

11C 

000252 

106 

000253 

103 

000254 

113 

000255 

123 

000256 

125 

00025? 

115 

000260 

040 

000261 

105 

000262 

122 

000263 

122 

000264 

117 

000265 

122 

000266 

AAIJJ 

00026? 

007 

000270 

016 

000271 

AAA 

' 

:ec2?2 

000272 

000000’ CTRL3: 

STRIHO 

000274 

114 

'ASCI  I 

/LOAD 

COMPLETED/ 

000275 

117 

000276 

101 

000277 

104 

000300 

040 

000301 

103 

000302 

117 

000303 

115 

000304 

120 

000305 

114 

000306 

105 

AAA-^Ay 

124 

000310 

105 

000311 

104 

000ol2 

Cla 

•BYTE 

Cfi.O 

000313 

AAA 

000314 

•iVfcN 

wwwbl 4 

012614  EXITS 

MOV 

(SP)  + 

.(A)  5 RESTORE 

HA 

000316 

000207 

RTS 

PC 

000320 

AAAAAA  * L'  1 . TJ  . 
WVVWVV  c»xi  n • 

OCTAL 

;type  OUT 

BAD  LOCATION 

000.522 

AAAAAA * 

+MA.4 

000324 

AAAAA^ 

000326 

012727’ 

KJV 

tfb  ii*  t 

<iU)  + 

AAAAAA 

A A.  AV-7  V J*. 

+T.rv 

0003*4 

AAAAAA  • f i.  « 

•JV.-1  r.\ 

''r'C.Vf' 

AAAV7.'  • 
vuv-.'.V 

+ V'jIN'i‘. 

6 

SvVTT’  HIT 

T WCHif.  r.-*^vTT 

00..  *4., 
0002/12 

0627'' V 

Al/iv 

•'*'  f • • 

, ;amd  Pit. 

••!••  * ■ 

r\r\r\r\r\r 


1777*  > 


*■.  f • r • 

f / 1 

(At 

; J 1 * f i>  uw  *i  ii  • 

1 TvVot- 

v/  w w w 1 *1 
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<;:>  c > c:  o <>  c > c>  c > c>c>  c > o 

o o <>  <:  o c>  o '>  o o c>  c>  c> 

C>  t:  c:  C > c j o o CJ  O c>  o O 


OOOoi* 

CC03GC 

00  Bob  5: 

10  Of  i 

AAAAA/N  • 

• i 

T.  : ' / 

OOCGCV 

}•]* 

o , 

• t • 

1 . " 

C'CC«  ( ' 

01«  74*  ' !«>•? 

1<  V7.;a 

;>  • 

>■<  V *-(S, 

"i  ;v<  ,v  • 

AAAAAI 

wwvvu ' 

10V732 

■-».)  V 

>'<  1 * i)T.  )T 

000376 

012700 

AAAAA1 

vwwvwi 

00<i  567 

000021 

012767' 

‘•:0  V 

rVl»/*C 

r\*^r\A  a*  . 

v,  v v/i  v/  C 

JS? 

fcStjJKLAV 

000406 

MOV 

J’i 

167732 

00041'x 

wUVwv 

000016 

MOV 

rtlfc.JiC 

CCC4i-'C 

004567 

A AAA  4 A* 

JS1; 

5*5*  1)ELAY 

000424 

WWVl/l  W 

012600 

MOV 

<SP)+.%0 

000426 

042700 

177400 

me 

#177400*5 

000432 

000205 

M'S 

%5 

0004o4 

012767  BiLAY: 

000100 

CCCC14 

r»J  V 

* GI«  x 

000442 

00536?  DX: 

AAAA^ A 

DEC 

CNT 

CCC446 

CC1375 

BNE 

1)X 

000450 

CC53CC 

me 

%c 

000452 

CC137C 

BNE 

BELAY 

000454 

AAA^  APj 

CCC1CC  DLY=100 

NTS 

%b 

1 67734  Bli  1 1J=  167734 
16773ii  0«0T=  167732 
CCC456  CCCCCC  CNT:+0 

CCCCC1  • END 


title  m 


TELETYPE  I/O 


i;C=*C 

AAAAA J 

R 1=«  1 

AAAAAL 
VWWW  w«-/ 

R5=‘*0 

AAAAAi, 

s,wwwwO 

SP=V*b 

cccccv 

PC=%? 

CCCC15 

CR=16 

COCCI? 

LF=12 

AAAAAH 
wwwww * 

liELL=7 

CCC177 

RUB=177 

17756C 

TKS=17756C 

17756? 

TK R= 177562 

177564 

TPS= 177564 

177566 

TPB= 177566 

•GLOBL  IN, OUT. READ. TYPE 
1C44CC  l=lZ-±-±ZZ 
1C44CC  I N=T 
1C44.CZ  0LT=T+2 
1C44C4  READ=T'+4 
1C44C6  TYPK=T+6 


J TRAP  0 READ  CHARACTER  INTO  RC  Vi/O  EDITING 


•CLOBL 

IN* 

AAAAAA 

1C573? 

17756C 

IN*: 

TSTB 

C’*TKS 

A AAA A A 

v>/ww  w*l 

1 CC375 

BPL 

IK* 

;kait  >X)p  chapactf* 

0CCCC6 

1137CC 

177562 

MOVB 

feWTKB.RC 

?CET  CHARACTER 

COCCI? 

CC5237 

17756C 

INC 

6#TKS 

-.RESET  FLAG 

CCCC16 

C427CC 

1774CC 

BIC 

#177400.  RC 

5 CLEAR  TOP  BYTE 

CCCC22 

CCC2C5 

RTS 

R5 

; TRAP 

2 TYPES 

OR  PUNCHES 

CHARACTER  IN  RC  Vi/0  EDITING 

•GLOBL 

OUT* 

CCCC24 

105737 

177564 

OUT*: 

TSTB 

@#TPS 

AAAA'iA 

wwvwOw 

1C 0375 

• 

BPL 

OUT* 

5RAIT  UNTIL  TTY  IS  READY 

CCCC32 

11CC37 

177566 

MOVB 

RC.^TPB 

1SEND  CHARACTER 

CCCC36 

CCC2C5 

RTS 

R5 

! THAT  4 READ  CHARACTER  INTO  RC  AND  HANDLE 
! SPECIAL  CHARACTERS 

• CLOBL  READ* . BRANCH • COLUMN . BUFFER 

258 


000040 

104400 

In 

:CET  CHARACTER 

000041! 

042700 

BIG 

»200.R0 

SCON VERT  TO  ASCII 

00004b 

A/>/\/\AA  1 

BRANCH 

000030 

ccc 

•bY  IE 

0.  IGNORE-- 

000051 

031 

CCCC52 

012 

• bYTE 

LE.  IGNORE-* 

CCCC53 

027 

000054 

177 

•iYTE 

b lie.  IGNOhE- • 

000055 

025 

000056 

•BYTE 

•D-100. DITTO- 

• :cm  r 

00005V 

007 

000060 

005 

•BYTE 

*K- 100.  ECHO-. 

sc^of,  k 

000061 

015 

000062 

wvt 

•bYTE 

’E-100.NECHO- 

• SCTPL  E 

000063 

011 

000064 

CCC 

•bYTE 

0.EYIT-' 

''AAAKS 

WWW  WWW 

005 

000066 

117700 

DITTO: 

MUVb 

feXJULCMN.hO  {COPY  EhO«  El  ME  AbOVt 

000042 

000072 

000205 

mi: 

RTS 

H5 

CCCC74 

005000 

NECHO: 

CLR 

HZ 

00007b 

010027 

ECHO: 

MOV 

R0.#1 

AAA«  A A 
w w w A w w 

TELAG=. 

-2 

000102 

000756 

IGNORE: 

bh 

HEAD" 

: TRAP 

6 TYPE 

CHARACTER  AND  feUDLE 

• 

SPECIAL 

CHARS.  UPDATE 

LINE  BUEFEB 

•CLObL 

TYPE- 

000104 

005767 

177770 

TYPE* : 

TST 

TELAG 

000110 

001003 

bNE 

DO  TYPE 

; HAG  SET 

000112 

020027 

CMP 

BO.bbELL 

;king  bell  even  ie  telag=o 

000116 

001015 

BNE 

TEX  IT 

;do  not  type  ie  telag=o 

000120 

cccccc1 

DOTY  pi.: 

bhANCH 

000122 

AAy 

• BYTE 

BELL . TBELL- • 

;do  not  save  bell 

000123 

031 

CCC 124 

015 

•BYTE 

CR.TCR-* 

SCR  IS  SPECIAL 

000125 

033 

000126 

CCC 

•BYTE 

0.1 

000127 

001 

000130 

022727* 

CMP 

#BUEFER+72..*RUEEER  SCHECK  FOR  RUNNING  OFE 

000346 

000236 

000134  C0LUMN=.-2 


rsrs 


136  001427 

BEO 

OFFEND 

SHUNNING  OEE  END 

140  104402  TOUT: 

OUT 

STYPE  CHARACTER 

142  110077 

177766 

MO  VB 

R0. ©COLUMN 

146  005267 

177762 

INC 

COLUMN 
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000152 

000205  TEXIT: 

RTS 

H5 

000154 

104402  TBELL: 

OUT 

iRING  BELL  j 

00015C 

A A A<^AJj 

hTS 

K5 

000160 

004767  TCk: 

AAAAAJ^ 

JSH 

PC.TChLf 

000164 

012700 

AAAAJ^ 

MOV 

•CH.R0 

000170 

000205 

HTS 

H5 

000172 

C127CC  TCKL*: 
CCCC15 

MOV 

•CH.R0 

JTYPE  CR  LE  ( 

000176 

104402 

OUT 

000200 

012700 

000012 

MOV 

•LI. HO 

1 

000204 

104402 

OUT 

000206 

012767’ 

000256  two 
177720 

MOV 

•BUEiER.C 

iN  1 RESET  COLUMN  POINTER  j 

/ 

000214 

CCC2C7 

HTS 

PC 

000216 

010046  OEiENlh 

MOV 

H0.-ISPI 

{SAVE  HO 

CCCjucC 

012700 

AAAAAI^ 

MOV 

•BELL. B0 

104402 

OUT 

(RING  BELL 

000226 

004767 

177740 

JSH 

PC.TCRLi 

;go  TO  NEXT  LINE 

000252 

012600 

MOV 

JSPI+.HO 

; RESTORE  hO 

000234 

000741 

BR 

TOUT 

STYPE  CHAR  ON  NEXT  LINE 

000236 

040  bUEEERs 

•ASCII 

/ 

000257 

C4C 

j 

Art  A 24  A 

C4C 

000241 

040 

CCC242 

040 

000243 

040 

000244 

040 

000245 

C4C 

000246 

040 

CCft24V 

040 

000260 

040 

000251 

040 

000252 

C4C 

www2b«5 

040 

000254 

040 

000255 

C4C 

000256 

040 

00025? 

040 

CCC26C 

040 

000261 

C4C 

000262 

040 

•ASCII 

/ 

000263  04 c 
000264  04 C 
000265  040 
000266  040 
00026?  040 


a nnrt  r..  are  discrete  Courier  transforms  of  length  32* 


CCC274 

CCC275 

CCC276 

CCC277 

CCC3C1 

CCC3C2 

CCCoCo 

CCC3C4 

CCC3C5 

CCC3C6 

AAAJAIJ^ 

CCC31C 

CCC311 

CCC312 

CCC313 

CCC314 

CCC315 

CCC316 

CCC317 

CCC32C 

CCC321 

CCC322 

CCC323 

CCC324 

CCC325 

CCC32C 

CCC327 

CCC33C 

CCC331 

CCC332 

CCC333 

CCC334 

CCC335 

CCC336 

CCC337 

AAA  liA 

CCC341 

CCC342 

AAA^>1  g 
WVWVTU 

wwvrrt 

CCC345 

CCC346 

CCC347 


•ASCII  / 


•ASCII  / 


• END 


/ : 74  Sf-ACF? 
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TITLE  KiWUT 


EDITED  OUTPUT 


\ 

\ 

\ 

\ 

» 

\ 

\ 

\ 

CCCCCC  t\Z=*Z 
CCCCC1  hl=*l 
CCCCC2  h 2»'*2 
ZZZZZb  R5='*5 

zzzzze  sp»*6 

•GLOBL  CRLF. OCTAL. STRING. CRLF* .OCTAL- . STRIN  • . TYPE 
1044 00  T«1 04400 
104412  CHLF=T+12 
104414  OCTAL-T+14 
124416  SThING=l+16 

5 TRAP  12  TYPES  CR  LF 


104416  CRLF-;  STRINC 


015 

•BYTE 

15.0 

coc 

000205 

RTS 

R5 

; TRAP 

14 

S +P0INTER.N 

; TYPES 

DATA  IN 

N OCTAL  DIuI'XS.  PhEC EDts  BY  A 

; SPACE 

• POINTER  IS  ADDRESS  OF  ADDRESS 

i 01  DATA* 

ZZZZZ6 

C1CC46 

OCTAL*: 

MOV 

R0.-(SPI 

ZZZZ1Z 

C1C146 

MOV 

Rl.-C  SP) 

AAAAli 

Cl 0246 

MOV 

R2.-ISP1 

{SAVE  REGISTERS 

000014 

013500 

MOV 

«i(H5)+.R0 

000016 

C11CCC 

MOV 

(RO).RO 

;DATA->R0 

000020 

012501 

MOV 

(R5I+.R1 

;n->ri 

062 VC 1 ‘ 

ADD 

#BUF+2»R1 

{R1  POINTS  TO  END 

000026 

WWW  f w 

105041 

CLRB 

-V  HU 

{ZERO  END  01  BUFFER 

CCCC3C 

010002 

LOOPA; 

MOV 

R0.R2 

CCCC32 

042702 

177770 

BIC 

#177770.  R2 

{GET  3 LSB'S 

C00036 

062702 

AAAAAA 

ADD 

#'0.R2 

{CONVERT  TO  ASCII 

CCCC42 

110241 

MOVE 

R2.-1R1) 

{PUT  INTO  BUFFER 

CCCC44 

006200 

ASR 

R0 

CCCC4G 

042700 

^AAAAA 

BIC 

#100000. R0 

CCCC52 

AA^9AA 

v wU*  u w 

ASR 

R0 

AA AACJ 
wwwwV*l 

006200 

ASR 

R0 

{SHIFT  RIGHT  3 BITS 

CCCC56 

022701' 

000067 

CMP 

#BUF+1.  R1 

.’CHECK  FOR  END 

000062 

100762 

BMI 

LOOPA 

AAAA64 

104416 

STRING 

000066 

C4^ 

BUF: 

•ASCII 

/ / 

AAAAgy 

040 

AAA  AO  r. 

♦c 

A A AAt^2 

000240 

NOP 
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000074 

000076 

AA/'24  n 

012767 

NOp 

MOV 

#240. BU 1+4 

000104 

000240 

177766 

012767 

MOV 

</2^0*iiui+b  »i-aXCH  up  NUP*S 

AA/'l  12 

000240 

177762 

012602 

MOV 

(SPJ+.R2 

000114 

012601 

MOV 

(SPI+.R1 

CCC116 

012600 

MOV 

( Sp)  + * R0  * RESTORE  REGISTERS 

000120 

RTS 

R5 

000122 

010046 

; mp  16 
; • ASCII  /MESSAGE/ 

; • BYTE  0 
; *EVEN 

; TYPES  MESSAGE 

STRIN* : MOV  fiO.-(Sp) 

000124 

CLR 

R0 

000126 

112500 

LOOPS:  - 

MOVB 

(R51+.R0  ;GET  CHARACTER 

000150 

001402 

BEQ 

OUTB  ;STOp  11  CHARACTER  IS  HULL 

0001.52 

000154 

/4AAAAA  1 

000774 

TYPE 

BR 

LOOPS 

OOOloo 

010O00 

OUTS: 

MOV 

R5*  1<0 

/I  /-* 
wwv XTw 

v wOM u w 

ROR 

R0 

000142 

005505 

ADC 

hb  ; INCREMENT  R5  11  IT  IS  ODD 

000144 

012600 

MOV 

( Sp)  + » R0 

000146 

000205 

Hit 

nb 

\ryr%r\  l 

/WWW  J 
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•TITLE  BRANCH  01J  CHARACTER 

; -JSR  R5» BRANCH 
,*  *BYTK  C1.A1-* 

; *BYTE  C2.A2-* 

; * * * 

; -BYTE  CN* AN-* 

5 • BYTE  C.A-* 


5 It  (RO=CK.  BRANCH  XU  Aiv 
5 OTHERWISE  BRANCH  TO  A 
; NOTE  C1=C  IS  PERM I'iX Eli 

AAAAAJ 

AAAAA^ 

AAAAf.i 
WWW v vD 


RC=>*C 

Rl=*l 

Ri>=%5 

SP=*fc> 


•GLOBL  BRANCH. RRANC* 
1C441C  BRANCH® 1C44 1C 


AA AAAA 

C1C146 

BRANC*: 

MOV 

AAAAA£ 

AA^AAJ 

CLR 

AAAA A^ 

1125C1 

MOVB 

CCCCC6 

CCC4C2 

BR 

AAAAJA 

1125C1 

LOOP: 

MOVB 

CCCC12 

CC14C4 

BEQ 

CCCC14 

C2CCC1 

LOOPB: 

CMP 

CCCClto 

CC14C2 

BEQ 

AA  AA*)A 
WWW W^w 

CC52C5 

INC 

AAAA>,' j 

wwwwCb 

CCC7?2 

BR 

R1.-(SP>;SAVE  HI 
R1 

(F5)+.Ri;Cl-»Rl 

LOOpB 

<R5)+.hi;CK-»Rl 

EXIT  JEXIT  IF  CK=C*  K NE  1 

RC.R1 

EXIT  .EXIT  IF  ROCK 

R5  iUTHERhISE  SKIP  AK-* 

LOOP 


264 


000024 

000137 

EXIT:  JMP 

@#7330 

000026 

007330 

007330 

111501 

MOVB 

(R5),R1  ;AK 

007332 

042701 

BIC 

#177400, R1 

177400 

007336 

060105 

ADD 

R1.R5  jADD. 

007340 

012601 

MOV 

(SP) + , R1 

007342 

000205 

RTS 

R5 
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1ITU  i'l.Aj'  PROCESSOR 


AAAAAA 

•CSECT 

AA«>AA/> 

010566  TPROC: 

MOV 

R5.2(SP>  5 WRITE  R5  OVER  PS 

000002 

AAAAAi 
wwww  v/*I 

011605 

MOV 

( SP>  »R5  .-RETURN  P0INT->R5 

000006 

010505 

177776 

MOV 

-2(R5).R5  JGET  TRAP  INSTRUCTION 

000012 

016567* 

075426 

MOV 

i’ABI.F-1  044001  W5>.JtlMW-2 

AAAA2A 

012605 

MOV 

( SP)+»R5  ! RETURN  P0INT->R5 

000022 

012707  JUMP: 

MOV 

#C.PC  : JUMP 

AAAAAA 

vwvvwv 

TABLE: 

• GJa)  bii 

IN*. OUT*. REAL'*. TYPE* 

000026 

A'»AA  , A 

vwwwOw 

A/>AAAA  • 

•ViURD 

IN*. OUT*. REAL*. TYPE* 

000032 

AAAAJ^ 

AAAAAA • 

AAAAAA f 
uuuv vw 

•GLOBL 

BRANC* 

000036 

AAAAAA | 

•WORD 

BRANC* 

•GLOBL 

CRL1*. OCTAL*. STRIN* 

aaaa^a 

AAAAAA • 

• WORD 

CRLJ*.OCT»t,*.STRIN* 

000042 

000044 

AAAAAA t 

AAAAAA 0 

•GLOBL 

RETUIi-.FTKST* 

0C0046 

AAAAAA • 

• WORD 

RETUR..HTEST* 

vwwwWw 

• GLOPT, 

UPPER 

AAAA^ 

+c 

lUPPER  LIMIT  OF  OS  CODE 

000001  • ENL 
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TRANsiER  ADDRESS:  CC115P 
LOW  LIMIT:  CC1CCC 
MICH  LIMIT:  CC7532 


********** 

MODULE  MAIN 

SECTION  ENTRY 

ADDRESS 

SIZE 

<•  ABS*» 

A AAAAA 

wuyuv/u 

wuwwwv 

< > , 

CC1CCC 

CC5CPP 

HTEST* 

CCblbP 

MA 

CCICbC 

RETUR • 

CC5CV4 

********** 

MODULE  LOAD 

SECTION  ENTRY 

ADDRESS 

SIZE 

< » 

CCbCPP 

CCC40C 

INI' 

CC04C0 

LOAD 

CCbC.50 

* ********* 

MODULE  TTY 

S&O'ilON  ENTRY 

ADDRESS 

SIZE 

< » 

cats cp 

CCC55C 

BUiEER 

CC674C 

COLUMN 

ccecs6 

IN 

1C44CC 

IN* 

C COb CP 

OUT 

1C44C? 

OUT* 

CC65P6 

READ 

1C44C4 

FEAD* 

CC6542 

TYPE 

1C44CC 

TYPE* 

CCCCCC 

********** 

MODULE  ET’OUT 

SECT  I jrx  bW  i’jii 

ADDRESS 

SIZE 

< > 

CC7CbP 

CCClbC 

C11LE 

1C441P 

CELT  • 

CCVCbP 

OCTAL 

1C4414 

OCTAL* 

CC7C6C 

SThINC 

1C4416 

STEIN* 

CC7174 

********** 

MODULE  BRANCH 

StCTI £ji* i t\)i 

address 

SIZE 

< > 

CC7P2P 

AAAA'Zy) 

WWW  wlJl 

BRANCH 

1C441C 

BBANC* 

CC7222 

********** 

MODULE  TRAP 

SECTION  ENTRY 

ADDRESS 

SIZE 

« > 

CC7P5C 

UPPER 

CC73TJC 
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ATTACHMENT  3 TO  APPENDIX  B 
PAPER  TAPE  INDEX 


Label 

Loaded  by 

ABSOLUTE  LOADER/H.S.  BOOT 

Bootstrap 

OPERATING  SYSTEM 

Absolute  Loader 

DCT-DPCM  (FORWARE  & INVERXE) 

LMP  commands 

TRANSFORM  PATCHES  FOR 

1.6  BITS/PIXEL 

LMP  commands 

TRANSFORM  PATCHES  FOR 

.8  BITS/PIXEL 

LMP  commands 

TRANSFORM  PATCHES  FOR 

.4  BITS/PIXEL 

LMP  commands 

CONTROL  STORE  PUNCH 

Absolute  Loader 

C OMPLEMENT/C omplement 

LMP  commands 

FIRST  PIXEL  FIX 

LMP  commands 

FIRST  PIXEL  UNFIX 

LMP  commands 

ABSOLUTE  PUNCH 

Absolute  Loader 

DEMI/DEMO 

Absolute  Loader 

DEMONSTRATION  DRIVER 

Absolute  Loader 

DEMONSTRATION  TAPE  (1240  OBJECT  TAPE) 

LMP  commands 

NOTE:  the  CONTROL  STORE  PUNCH  is  included  on  the  DWD  1240 
SYSTEM  TAPE  and  has  to  be  loaded  separately  only  to 
restore  it  after  user  routines  have  overstored  it. 
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APPENDIX  C 

TV  REDUNDANCY  REDUCTION  SYSTEM 
USING  A BIPOLAR  MICROPROCESSOR 
DD1423  Item  #0001 
Contract  #N66001-76-C-0080 


T-36-928 


i 


I 


Prepared  for 
Naval  Undersea  Center 
San  Diego,  CA  92132 
March  2,  1976 
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SECTION  I 


INTRODUCTION 


Theoretical  and  experimental  work  at  both  the  University  of 
Southern  California  and  the  Naval  Undersea  Center  have  shown 
that  a hybrid  compression  scheme  consisting  of  a Discrete  Cosine 
Transform  (DCT)  along  a TV  line  and  Differential  Pulse  Code 
Modulation  (DPCM)  line  to  line  is  a near  optimum  way  of  achiev- 
ing redundancy  reduction  in  conventional  TV.  The  compression 
is  partly  achieved  by  lowering  the  field  rate  by  a factor  of  8 
so  that  a stripe  which  is  only  32  pixels,  rather  than  ?56  pixels 
wide,  is  processed  out  of  each  field.  The  DCT/DPCM  provides  the 
rest  of  the  data  compression  and  can  lower  the  bit  rate  to  200,000 
bits/sec.  A complete  system  including  both  compression  and  the 
corresponding  expansion  system  is  depicted  in  Fig.  C-l.  It  is 
the  top  half  of  this  diagram  with  whi&h  the  present  report  is  con- 
cerned. 

The  mechanization  to  be  described  consists  of  three  4-bit  Am  2901 
bipolar  microprocessor  "slices"  together  with  suitable  1/0,  RAM, 
ROM,  and  high-speed  multiplier.  Without  simulation  it  is  im- 
possible to  determine  whether  8 bits  of  precision  would  have  been 
adequate!  hence  12  bits  were  used.  The  pre-emphasis  filter  which 
is  shown  is  known  to  be  required  in  an  analog  implementation  using 
charge-coupled  devices  because  of  dynamic  range  problems.  In  the 
system  to  be  described,  this  filter  is  not  needed.  In  its  place 
there  is  a high  performance  A/D  converter. 

It  is  of  utmost  importance  to  have  an  efficient  algorithm  for 
computation  of  the  DCT.  Data/Wnre  Development  has  developed 
such  an  algorithm  which  is  employed  in  this  implementation. 

The  resulting  system  is  small  in  size,  yet  powerful. 


SECTION  II 


DCT  AND  DPCM  ALGORITHM 


2.1  DCT  Mathematics 

If  gg,  gp  ....  gji  are  the  numbers  representing  the  pixel 
values  in  one  "strip"  of  a TV  line,  the  Discrete  Cosine  Trans- 
form (DCT)  is  given  by 


COS  [( j+£)ke] 


k 0t  If  • • • # 31 


where  0 
Gk 

where  w 


27^64.  By  combining  complex  conjugate  terms, 

a.  w'jk  (C — 1 ) 

3=0  J 


e*®  and 


a . = 


gj  if  H31 
.?63-j  if  j>32 


This  formulation  can  be  simplified  further. 
Define 


A -^63 

h';Lj=o 


aj  w 


-jk 


Then  Gk  = w Ak  and  the  Ak  are  a discrete  Fourier  transform  of 

length  64  with  real  inputs.  Appendix  A describes  a method  of 
calculating  such  transforms  due  to  Data/Ware  Development  which  is 
better  than  other  methods  in  the  literature.  In  the  last  step 
of  that  method,  the  Ak  are  computed  as  follows i 


Ak  * Bk  + w'k  Ck,  k * 0,  1,  16 

A^2_k  * Bk  ” * Cfc,  k 0,  1,  . ..,  16 
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mmm  fcwflVtJ  iwwft.  >«s> 


where  Bk  and  Ck  are  discrete  Fourier  transforms  of  length  32. 
It  can  be  shown  that 


= w‘ik  *,  = w-*k  B„  ♦ w-^k  C 


'32-k 


= w 


-sk  7 


*32-k  w 


k 

- 


B,  - w^k 


The  sum  of  these  two  equations  is 

2k  " lG32-k  = 2w  sk  bk  (C~2^ 

and  hence 

Gk  = 2Re(w'^k  Bk) 

k = 0,  1 16  (C-3) 

G32-k  = -2Im(w  s Bk) 

k = 1,  2 15  (C-4) 


which  expresses  the  desired  transform  in  terms  of  the  B k,  which 
are  the  discrete  Fourier  transform  of  gQ,  g2,  g^,  ....  g^Q,  g^, 

?29*  S27»  •••»  • 

The  Bk  can  be  computed  by  the  method  described  in  Attachment  1. 
The  computations  are  illustrated  in  Figure  C-l. 


The  operation  count  for  computing  the  B.  is  shown  in  Table  C-l. 

-k  ^ 

The  only  nontrivial  values  of  w used  in  the  computations  are 
those  corresponding  to  k = 2,  4,  6,  8,  10,  12,  14.  The  components 
of  these  values  may  be  taken  from  a table  of  sin2k0,  since 
cos2k0  = sin( (l6-2k)0) . Hence  there  are  only  seven  distinct 
nontrivial  multipliers.  The  factor  of  2 in  (C-3)  and  (C-4)  is 
absorbed  into  the  output  scaling. 
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k + <jo~2^ 


Figure  C-3*  Definition  of  Butterflies  in  Fig.  C-2. 


6 
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Because  of  the  close  relationship  between  the  Bk  and  the 
shown  by  equations  (C-3)  and  (C-4) , it  may  be  sufficient  to 
transmit  the  components  of  the  B^,  instead  of  the  G^.  The 
question  is  discussed  more  fully  in  the  next  section. 

2.2  Final  Rotations 

The  final  rotations  in  (C-3)  and  (C-4)  may  be  omitted  with 
perhaps  only  a slight  degradation  in  the  quality  of  the  trans- 
form for  image  compression.  The  heuristic  arguments  given  here 
are  not  sufficient  to  decide  the  question,  and  some  experimen- 
tation or  simulation  will  be  required. 

The  advantage  of  the  DCT  lies  in  the  facts  that  the  DCT  coeffi- 
cients have  Gaussian  distribution,  under  a certain  model,  and 
that  their  variances  and  covariances  are  close  to  those  of  the 
"optimal"  Karhunen-Loeve  transform  (KLT ) coefficients,  which  are 
independent  and  otherwise  "optimally"  distributed.  Therefore, 
the  Gk  have  variances  close  to  those  of  the  KLT  coefficients  and 
they  are  nearly  independent. 

From  (C-2) 

Bk  = ^k(Gk“lG32-k) 
or 

Re  Bk  = £ Gk  cos(£k0)  + £ ^j2-k  sin(ike) 

Bn  3k  = £ Gk  sin(£k0)  - £ Gj2-k  cos(£kd) 
where  6 = V32,  k = 0,  1,  ...,  16 

The  angle  £k0  is  never  more  than  45°.  Moreover,  when  0 is 
large,  the  variances  of  G^  and  Gj2-k  are  nearly  equal  for  most 
pictures i and  it  is  easily  shown  that,  except  for  the  factor  £, 
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the  variances  of  He  and  Im  are  nearly  the  same  and  they  are 

nearly  independent.  (They  would  have  exactly  equal  variances  and 
and  exactly  zero  covariance  if  G^  and  G-j2-k  had  exactly  equal 
variances  and  exactly- zero  covariance.)  Hence  Re  B^  and  Im  B^ 
are  "good"  substitutes  for  G^  and  G32-k* 


dhen  0 is  small,  Re  3^  = ?Gk  and  Im  Bk  = 

the  substitution  of  Re  B^  and  Im  B^  for  G^  and  G 

is  "good"  in  the  sense  considered  here. 


so  once  again 
32-k*  respectively 


_ik 

If  the  G^  are  to  be  transmitted,  then  the  products  w 2 B^  for 

k = 0,  1 16  must  be  formed.  The  operation  for  k = 0 is 

trivial,  and  for  k = 16  only  the  real  part  of  the  product  is 
necessary.  IViultiplication  by  the  components  of  all  such  w 2 
is  required,  and  there  are  31  such  components  (note:  cosjk0= 
sinikfiwhen  k = 16),  which  include  all  those  needed  to  compute 
the  Bk. 

_ik 

To  compute  w 2 B.  requires  four  multiplications  and  two 

^ — — k 

additions  for  each  k = 1,  2,  ...,  15.  To  compute  Re  (w-2  B^) 

when  k = 16  requires  only  one  multiplication,  since  B^  is  real. 

Hence  61  multiplications  and  30  additions  are  required  to 

complete  the  computations. 


2 . 3 DPCM 

Hach  DC!  coefficient  (or  the  substitute  described  in  Section  2.2) 
is  quantized  and  transmitted  according  to  a Differential  Pulse 
Code  Modulation  (DPClvl)  scheme.  The  particular  quantization 
values  used  vary  according  to  the  coefficient  and  the  output  bit 
rate.  A complete  list  of  quantization  schemes  is  available  in 
Appendix  B,  but  their  assignment  to  the  various  DCT  coefficients 
and  output  bit  rates  is  not  available  at  this  time. 

The  quantizer  accepts  an  input  value  x and  produces  two  output 
values,  according  to  the  tables  given  in  Attachment  2.  The 
rounded  value  R(x)  is  given  in  the  same  kind  of  arithmetic 


used  for  other  computations.  The  output  code  0(x)  varies  from 
zero  to  six  bits  according  to  the  same  tables.  ( A zero-bit 
output  code  is  vacuous,  and  no  information  is  sent  to  the  modem 
in  this  case,  but  it  is  easier  to  compute  the  corresponding  DOT 
coefficient  and  DPCM  output  than  to  program  the  system  to  avoid 
such  computations.)  The  quantization  schemes  used  are  those 
that  are  believed  to  be  "optimal"  for  most  kinds  of  pictures. 

Let  G^n^  be  a particular  DCT  coefficient  associated  with  the  n-th 
32-pixel  burst.  Then  the  DPCM  is  defined  by  Figure  C-3,  or  in 


symbols  as  follows  1 

x = G<n)  - x S<n-1> 

(C-5) 

output  =0  (x) 

(C— 6) 

G^n^  = R(x ) + x G^n_1 ^ 

(C-7) 

Wo) 

The  '’starting"  value  of  G^  ' is  immaterial,  since  0<°<<1  and 
errors  are  attenuated . 

All  inputs  gj  to  the  DCT  are  6 -bit  twos  complement  integers. 
Hence  -32sgj*3l,  and  it  then  is  obvious  from  the  definition  of 
the  DCT  coefficients  G^  that  |GjJ  1 2.32.max|gj|  = 2,048. 

Since  the  factor  of  2 in  (C-3)  and  (C-4)  is  not  used,  the 
transmitted  values  of  G^  have  absolute  value  no  greater  than 
1,024,  which  comfortably  fits  into  12-bit  arithmetic. 

2.4  Microcoding  the  Am2901 

The  butterfly  operations  in  Figures  C-l  and  C-2,  the  final  rota- 
tions in  (C-3)  and  (C-4) , if  they  are  used,  and  the  DPCM  calcu- 
lations in  (C-5)  and  (C-7)  are  carried  out  in  the  microprocessor 
system.  Input  and  output  buffering  are  accomplished  by  buffers 
as  described  in  Sections  3 A,  except  that  the  variable-bit 
output  requires  some  processor  control.  The  entire  system  is 
pipelined,  and  the  operations  described  in  this  section  consti- 
tute the  critical  slowest  step. 


Table  C-2  gives  the  operation  count  for  processor  operations. 

If  the  computation  rate  is  much  slower  than  one  operation  per 
cycle,  the  cycle  time  will  be  less  than  the  minimum  permitted  by 
the  hardware  speed,  especially  if  the  final  rotation  is  included. 
Therefore,  the  hardware  must  be  designed  to  permit  some  over- 
lapping of  various  operations  and  data  shuffling. 

A number  of  different  hardware  arrangements  have  been  considered, 
and  the  one  which  permits  the  maximum  overlapping  of  various 
operations  without  requiring  an  excessive  number  of  components 
has  been  chosen  (see  Section  3).  It  appears  that  the  most 
efficient  practical  code  stores  the  real  parts  of  intermediate 
results  in  the  general  registers  and  the  imaginary  parts  in  an 
external  RAM  (or  vice-versa).  The  sixteen  Am2901  general  regis- 
ters are  just  barely  sufficient  for  this  purpose.  Other 
arrangements  do  not  seem  to  permit  as  much  overlapping  when 
the  Am290l  is  used. 

Twelve-bit  twos  complement  arithmetic  is  used.  This  gives  good 
results  with  negligible  roundoff  error  (see  Section  2.5), 
whereas  eight-bit  arithmetic  would  probably  produce  excessive 
round  off  error.  Also,  the  quantization  tables  (Attachment  2) 
seem  to  require  a 10-bit  input. 

The  actual  coding  for  a typical  DOT  operation,  a "general 

—2k 

butterfly",  is  shown  in  Figure  C-5*  The  values  of  x + w“  y 

-2k 

and  the  conjugate  of  x - w y are  to  be  computed  and  stored 
with  their  real  parts  in  the  Am2901  general  registers  and 
their  imaginary  parts  in  the  external  RAM,  as  x and  y were 

O 

stored.  It  is  assumed  that  k * 4,  since  w"  = |y2(l-i)  gives  a 
slightly  simpler  butterfly  with  0 = 45°.  Notice  that  although 
multiplication  takes  two  cycles,  it  is  effectively  pipelined. 


TABLE  C-2 

DCT/DPCM  OPERATIONS 


Additions 


w ..  ...  . . 

DOT 

164 

Final  rotations 

30 

DPCM 

64 

Totals 

8(228) 

Time  for  each 

operation  (nsec) 

Mult iulicat ions 

Total 

J , 

54 

218 

61 

91 

147(86) 

405(314) 

j 

1 or\n  \ < 

160(207)  | 


Operation  counts  for  the  DCT-DPCM  processor. 
Figures  in  parentheses  exclude  the  final  rotations. 
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b, d  in  general  registers 

c ,  e in  RAM 

b ± (dcosQ  - esin0)  general  registers 
±c  + (dsin9  + ecos9)-»  RAM 


RAM  —►MIR 
GR-AMIR,  MIR  -►PPR 
PSR  -»  PIR  , MIR  ->  PPR 
PIR-^Q,  PPR  —►PIR , MIR -» PPR 
PIR  -Q  -»Q,  PPR  -APIR 
GR  -Q-?GR,  RAM -►MIR 
GR  + Q -»GR,  MIR  —»  PPR , 
PIR-+Q,  PPR— >PIR 
Q + PIR  ->Q  , RAM  -*PIR 
PIR  + 5-*RIR  (RAM-* MIR) 

PIR  + Q-ARIR,  RIR->RAM 
RIR  -►  RAM(GR  -♦MIR , MIR->PFR) 


e -►MIR 

d MIR, 

esinG  -*  PIR 

esin0->a,  dcos0  -tPIR 

dcose  - esin0-»Q,  dsin0-*PIR 

b - Q -►GR,  e-fMlR 

b + Q->GR 

dsinQ  -»Q,  ecos0  -►PIR 
3 + ecosQ  ->a»  c ->PIR 
c + a-*RIR  (e  -►MIR) 

-c  +a-*RIR,  c + a -*  ram 
-c  +a  ->RAM,  (d-»MIR) 

C-10.P.296) 
C-ll, P.297) 

C-ll,  P.297) 

Operations 
if  any.  The 
with  2 overlapped  with 


RIR:  Scratchpad  RAM  Input  Register  (Fig. 

MIR:  Multiplier  Input  Register  (Fig. 

PPR:  Partial  Product  Register  (Fig. 

Coding  for  a "general  butterfuly" , where  0 / 45°, 
in  parentheses  are  for  the  following  butterfly, 


total  number  of  cycles  required  is  12 
the  following  butterfly. 


Figure  C-5» 
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Coding  such  as  this  has  also  been  done  for  other  kinds  of 
operations.  The  resulting  operation  counts  are  shown  in  Table 
C-3.  The  cycle  time  required  to  complete  all  operations  in 
65  jusec  is  148  nsec  or  less,  which  is  within  the  capabilities 
of  the  proposed  hardware. 

2.5  Accuracy 

The  only  round  off  error  in  the  DCT  computations  is  that  in 
products  of  the  form  x cos©  or  x sin©.  (The  error  in  the  DPCM 
computations  can  be  assumed  to  be  included  in  the  quantization 
error.)  This  error  is  assumed  to  be  uniformly  distributed  over 
[-1,  ll  , and  all  such  errors  are  assumed  to  be  independent.  The 
variance  of  such  an  error  is  then  1/3.  There  is  no  roundoff 
error  in  additions  or  subtractions,  because  integer  arithmetic 
is  being  used. 

The  number  of  such  errors  is  large  enough  to  make  the  central 
limit  theorem  applicable,  so  all  variances  can  be  added.  What 
matters  mort  for  the  purposes  of  this  problem  is  the  effect  of 
such  errors  on  the  reconstructed  inputs,  under  the  assumption 
that  the  inverse  DCT  is  exact,  or  at  least  much  more  accurate 
than  the  DCT. 

An  error  in  an  intermediate  result  is  an  error  in  the  discrete 

Fourier  transform  of  some  or  all  of  the  inputs,  since  that  is 

what  the  intermediate  result  is.  If  the  intermediate  result 

lies  at  a "±"  or  "iH  junction  in  Figure  C-2,  there  is  no 

roundoff  error  attributable  to  the  butterfly.  If  it  lies  at  a 

"4"  or  "-4"  junction,  it  was  computed  as  x t £/2(l-i)y  or 

something  similar,  which  produces  variances  of  i-  in  its  real  and 

imaginary  parts.  Otherwise,  it  was  computed  as  x + (cos*  + isinr)y, 

or  something  similar,  which  produces  variances  of  2/3  in  its 

real  and  imaginary  parts.  The  effect  of  such  an  error  on  the 

reconstructed  g.  is  just  an  inverse  discrete  Fourier  transform 
J 

of  the  error.  The  sum  of  the  variances  of  the  resulting  errors 


TABLE  C-3 

DCT/DPCM  PROGRAM  CYCLES 


Cycles  in  one 
Operation 

Instances  of 
Operation 

Total 

Operation 

Total 

Overlap 

Total 

Overlap 

Cycles 

+ in  column  (1) 

6 

3 

16 

15 

51 

+.  i 

3 

0 

15 

11 

k5 

4, -if 

9 

1 

7 

4 

59 

general  butterfly 

12 

2 

10 

8 

104 

OPCM  - Bq,  Bl6 

10 

0 

1 

0 

10 

rotation  .DPCM-B^-B^ 

14 

3 

15 

14 

168 

Estimate  of  the  number  of  cycles  required  for  the  DCT  and  DPCM. 
The  estimate  is  "conservative"  (too  large),  because  overlapping 
of  cycles  between  consecutive  operations  of  different  kinds  is 
not  taken  into  account. 


?86 


in  the  reconstructed  gj  is,  by  the  discrete  Parseval's  equation, 
just  the  variance  of  the  error  divided  by  the  block  length  of 
the  transform.  The  total  variance  of  the  errors  in.  all  the 
reconstructed  g..  due  to  all  such  roundoff  errors  due  to 
computations  in  Figure  C-2  is  calculated  in  Table  C-4. 

Since  the  errors  are  evenly  distributed  among  the  inputs,  the 

variance  of  the  error  in  each  g.  is  (49/12 )/32  = .1276,  which 

J 

is  negligible. 


TABLE  C-4 

ESTIMATE  OF  VARIANCES 


Block  Length 

Instances 

Variance  in 

Output 

Variance  in 

Reconstructed 

Input 

Each  block  Total 

2 

16 

0 ■ 

0 

0 

4 

8 

0 

0 

o S 

i 

j 8 

4 

8/3 

32/3 

4/3  I 

16 

2 

40/3 

80/3 

5/3  i 

32 

1 

104/3 

. 

104/3 

13/12 

Total 

49/12 

Calculation  of  sum  of  variances  of  the  errors  in  the  reconstructed 
gj  due  to  roundoff  errors  in  the  calculations  in  Figure  C-2,. 

Notice  that  Figure  C-2  illustrates  only  half  of  the  discrete 
Fourier  transform  outputs  mentioned  in  the  text;  the  other  half 
are  the  conjugates  of  those  shown. 
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SECTION  III 


BANDWIDTH  REDUCTION  SYSTEM  HARDWARE 


A microprocessor  based  design  using  the  Advanced  Micro  Devices 
Am2901  bipolar  microprocessor  appears  to  offer  the  optimal 
approach  to  the  digital  implementation  of  the  Bandwidth  Reduction 
System.  The  Am2901  combined  with  a ROM  (or  RAM  cptional) 
microcontrol  unit  provides  a flexible  system  whose  performance 
cannot  be  matched  by  an  MSI  equivalent  without  sacrificing  power 
and  size.  An  MSI  implementation  of  the  Am2901  4-bit  slice  for 
example,  could  require  15-20  16-pin  devices  at  a typical  operating 
power  of  3.6  watts.  The  Am290l  is  a single  40  pin  device  with 
a typical  power  dissipation  of  0.97  watts. 

Seven  basic  elements  comprise  the  microprocessor  system  which 
appears  in  Figure  C-6.  At  the  heart  of  the  system  is  the 
microprocessor  that  performs  the  suit  and  difference  calculations 
of  the  DCT  and  DPCM  algorithms,  stores  temporary  results  in  a 16 
word  dual  port  memory,  and  transfers  data  to  different  elements 
of  the  system.  An  additional  64  words  of  memory  is  provided  by 
2 64X9  RAMS  to  allow  adequate  storage  for  all  16  complex  DCT 
coefficients  and  32  DPCM  results.  A 12X12  multiplier  supplies 
the  high  speed  multiply  capability  that  is  imposed  by  real  time 
processing  and  the  quantizer  produces  the  rounded  and  system 
output  values  of  the  DPC,.i  algorithm.  System  I/O  is  accomplished 
through  an  input  interface  that  digitizes  and  stores  video  data 
for  processing  and  an  output  interface  that  converts  parallel 
data  received  in  a burst  mode  to  a serial  bit  stream  that  is 
transmitted  at  one  of  four  data  rates,  200K  bits/sec,  400K  bits/sec, 

800K  bits/sec  and  1600K  bits/sec.  DCT  and  DPCM  algorithms  will 
reside  in  the  memory  of  the  ROM  (or  RAM  if  desired  for  laboratory 

f 

experimentation)  based  control  unit  that  manages  the  operation 
of  each  system  element . 

These  elements  have  been  carefully  designed  and  arranged  to  pro- 
duce a system  structure  that  can  be  programmed  using  a hign 
degree  of  pipelining.  Propagation  delays  through  the  various 
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Figure  c-6.  BANDWIDTH.  REDUCTION  SYSTEM 
BLOCK  DIAGRAM 


system  elements  are  matched  using  data  latches  where  necessary 
and  numerous  data  paths  are  available  so  that  parallel  data 
transfers  are  possible. 

To  realize  the  full  potential  of  this  pipeline  architecture 
programs  will  be  coded  entirely  in  microcode  using  straight 
line  programming.  Using  this  method  a maximum  number  of  parallel 
operations  can  occur  and  the  inefficiencies  attributable  to  a 
hierarchy  of  code,  program  branches  etc.  are  eliminated, 

3.1  Microprocessor  and  RAM 

The  Am290l's  surrounded  by  the  other  components  that  make  up  the 
microprocessor  element  appear  in  Figure  C-7*  Three  Am290l's 
operate  in  parallel  to  give  a 12-bit  word  length.  A "look  ahead 
carry"  generator  is  included  to  speed  up  arithmetic  operations. 

The  architecture  of  the  Am290l  4-bit  slice  appears  in  Figure  C-8. 
It's  important  features  include  a 16  word  2 port  RAM  with  left 
or  right  shift  inputs,  a temporary  storage  Q register  with  left 
or  right  shift  inputs,  an  ALU  with  several  sources  for  operands, 
and  a three  state  output  buffer  that  can  select  either  the  ALU 
or  the  2 port  RAM  for  output.  In  addition  ths  Am2901  provides 
the  status  outputs  F=0,  F^,  OVR  and  Cn+4,  the  generate  and 
propagate  outputs  G,  P for  high  speed  "look  ahead  carry"  opera- 
tions and  bi-directional  ports  for  multi  slice  right  and  left 
shift  operations. 

Microinstructions  for  the  Am290l  appear  in  Figure  C-9.  Instruc- 
tions include  3 basic  arithmetic  operations  and  5 logic  operations 
that  can  be  performed  on  several  combinations  of  the  A,  B,  D,  and 
Q inputs.  Note  that  both  A-D-l  and  D-A-l  can  be  performed  which 
is  not  a common  feature  for  a standard  MSI  ALU  like  the  74181. 

Direct  input  data  to  the  Am290l's  (Figure  C-8)  is  routed  via  a 
4 to  1 multiplexer  to  a 12-bit  input  register.  The  input 
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Figure  C-7  BANDWIDTH  REDUCTION  SYSTEM 
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Detailed  Am 2901  Microproceuor  Block  Diagram. 


ALU  Destination  Control. 
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Figure  C-9. 
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register  is  located  at  the  direct  data  inputs  to  assure  that 
processing  through  the  longest  path  (the  Am290l)  can  be  completed 
within  a cycle  time.  The  typical  cycle  time  for  this  path  is 
approximately  120  ns.  Output  data  from  the  Am290l  goes  directly 
to  the  ;ther  system  elements. 

L The  RAM  which  appears  in  Figure  C-10  enhances  the  data  storage 

capability  of  the  Am2901.  Data  enters  the  RAM  via  a 2 input 
multiplexer  to  an  input  register  which  is  required  since  two  clock 
cycles  are  needed  to  compute  and  store  data,  in  RAM. 

The  RAM  is  organized,  using  2 devices,  as  64  words  by  18  bits. 
While  18  bits  is  too  large,  12  16X4  RAMS  or  3 256x4  RAMS  would 
be  required  to  provide  the  equivalent  storage  of  the  2 64X9 
devices. 

3.2  12X12  Multiplier 

The  12X12  multiplier  of  Figure  C-ll  is  implemented  with  eighteen 
Am2505  two's  complement  multipliers  and  five  4 -bit  "carry  look 
ahead"  adders.  The  multiplier  is  configured  as  two  6X12  multi- 
pliers with  an  adder  to  produce  a final  12  bit  truncated  product. 
Propagation  delays,  through  the  multiplier,  in  this  configuration 
are  much  less  than  those  obtained  by  a straight  forward  single 
12X12  configuration  without  adders. 

The  multiplier  requires  two  cycles  to  generate  a product.  During 
cycle  1 the  multiplicand  enters  the  multiplier  via  a 2 to  1 
multiplexer  and  is  held  in  the  input  register.  The  second 
operand,  the  multiplier,  is  supplied  by  the  control  unit  and 
held  stable  by  the  control  word  latch.  During  the  second  cycle 
the  two  partial  products  are  held  by  the  partial  product  register 
and  the  final  product  is  computed. 
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3.3  Quantizer 

The  quantizer  that  appears  in  Figure  C-ll  is  a 2.5KX16  ROM  look 
up  table  that  accepts  a 10  bit  (in  two's  complement  representation) 
input  which  is  used  as  an  address  to  look  up  a 0-10  bit  rounded 
value  (see  Section  2.3)  and  a 0-6  bit  system  output  value 
according  to  the  quantization  schemes  that  appear  in  Attachment  2. 
The  particular  quantization  scheme  that  is  used  will  be  selected 
by  a 3 bit  number  received  from  the  control  unit. 

An  alternative  to  the  2.5K  look  up  table  is  a two  stage  quantizer 

where  the  boundries  are  first  found  in  a 1024X8  ROM  and  then  the 

quantized  outputs  are  selected  from  256X16  ROM.  This  method  was 

rejected  on  the  basis  of  speed,  however  it  deserves  attention 

before  a final  configuration  is  selected.  Also,  the  use  of  a 

programmable  Logic  Array  (PLA)  was  considered,  however  one  of 

the  correct  size  and  speed  is  not  currently  available.  Use  of 

a PLA  would  realize  a large  reduction  in  memory  and  therefore 

should  again  be  considered.  For  example,  in  a two  stage  quantizer 

the  two  512X8  ROMS  needed  to  find  the  quantizer  boundries  could 

be  replaced  by  a single  128  product  term  PLA. 

* 

3.4  I/O  Interfaces 

The  input  interface  of  Figure  C-12  digitizes  video  data  in  proper 
system  synchronization  and  stores  it  in  a First- In~First-0ut  (FIFO) 
memory  for  processing.  Synchronization  is  maintained  by  counters 
and  comparators  that  assure  1/8  of  a TV  line  is  sampled  each 
horizontal  sweep  and  that  each  1/8  of  a line  contains  32  pixel 
samples . 

The  output  interface  accepts  parallel  data  in  high  rate  bursts 
from  the  quantizer  and  converts  it  to  a serial  bit  stream  for 
output  at  200,  400,  800,  or  1600K  bits/sec.  Output  data  from 
the  quantizer  along  with  a 3 bit  value  representing  the  number 
of  output  data  bits  are  stored  in  a FIFO.  As  demanded  by  the 
serial  data  rate  output  data  is  clocked  from  the  FIFO  into  a 
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Figure  C-13.  BANDmbTH  HEbUCTIDN  SYSTEM 
OUT  PUT  INTERFACE 


parallel  in  serial  out  shift  register.  The  bit  count  is  loaded 
into  a counter  that  is  decremented  each  time  a serial  bit  is 
clocked  out.  When  the  counter  reaches  zero  the  next  set  of 
parallel  data  is  requested  from  the  FIFO. 

3.5  Micro  Control  Unit 

As  previously  stated  the  micro  control  unit  of  Figure  C-14  is  a 
pipelined  memory  based  system  that  controls  all  system  elements. 
Algorithms  implemented  with  this  system  will  be  contained  in  the 
microcontrol  memory. 

The  control  memory  may  be  either  ROM  for  production  applications 
or  RAM  to  facilitate  laboratory  investigations.  RAM  memory  can 
be  loaded  by  use  of  the  external  (EXT)  controls  and  data  lines 
indicated . 

A 12  bit  counter  provides  addressing  to  the  control  memory  during 
system  operation  and  the  system  clock  increments  the  address  and 
synchronizes  the  system.  A single  bit  from  the  control  memory 
via  the  control  word  registers  signals  the  end  of  a micro  program 
and  returns  the  system  to  the  start  of  the  program. 


Figure  c-14.  ZAND  WIDTH  REDUCTION  SYSTEM 
/VaCROCONTROL  UNIT 


ATTACHMENT  1 TO  APPENDIX  C 


DIRECT  CALCULATION  OF  FFT'S  WITH  REAL  INPUTS 


Suppose  aQ,  a ^ 
and 


t • • • » 


are  real,  w=exp(ifri/N) 


= ij=Q1  ajW_,ik*  k = °.  1 N-l 


4N 

Then  since  w - 1 


= a.w’4jNwjk 

V 


_ <-4N- 
*4N-k  ^j=0 


^N-l  a wjk  , y 


= S"™"1  a w 
^j=o  ajw 


I 


Since  the  entire  FFT  output  can  easily  be  reconstructed  from 

this  rule  and  the  values  of  Aq,  A ^ ^2N'  on^y  "these  values 

will  be  computed.  It  is  easily  shown  that  AQ  and  A2N  are  real, 
so  these  values  can  be  conveniently  stored  in  4N  cells  as 
follows « 

A0’  A2N 

ReA^,  ImA^ 

Re  A 2 , ImA 2 

* * * 

ReA2N-l'  ImA2N-l 
The  usual  FFT  decimation  is 

Ak  = Bk  + w_kCk,  k = 0,  1 2N-1 

Ak+2N  = Bk“w  ^ Ck'  k = °»  *■»  ••••  2N"1 

Bk  = SL^q1  a2j  w"2^k*  k * 0,  1 2N-1 

^k  - ®2j+l  ^ ^ * k = 0,  1,  ••*,  2N-1 
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and 


Since  Bk  and  Ck  are  also  DFT's  with  real  inputs,  BQ,  B^ , CQ 
are  real  and 

32N-k  = Bk'  G2N-k  = Gk 
2N 

Then  since  w = -1, 


2N-k 


B + C 

a2N-k  °2N-k 


\ -*k  3k 


^ 2N-k 


Bk  -w‘k  ck 


i 


and  ^0#  Alf  . ^2N  can  be  expressed  in  terms  of  3Qf  B^f  . 
BN  ’ G0’  G1 gn  by 


A0  = B0  + G0’  *2N  B0  “ G0 
= 3iN  - iCN 

Ak  = Bk  + w_k  Ck*  k = 1 - 2 N-l 

^2N-k  Bk  " W k Ck’  k = 1.  2.  •••»  N-l 


If  N is  even,  the  same  procedure  can  be  used  to  compute  and 
0^.  If  N = 2n , the  process  can  be  repeated  until  trivial  FFT's 
of  block  length  1 are  reached . It  can  be  shown  that  this  pro- 
cess requires  2N(3n+l )+4  real  additions  and  2N(2n-3)+6  real 
multiplications,  respectively,  when  n 2 1 , 

The  usual  method  of  channel  separation  requires  the  same  number 
of  multiplications  but  slightly  more  additions  and  substantially 
more  storage,  since  two  transforms  must  be  done  at  the  same  time. 
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ATTACHMENT  2 TO  APPENDIX  C 
QUANTIZER  VALUES 


Quantizer  Positive  values  for  64  levels 


Quantizer 

Quantizer 

Transmitted 

Bound 

Value 

Bits 

0 

1 

000000 

81 

010111 

2 

85 

3 

000001 

89 

011000 

4 

94 

5 

000010 

98 

011001 

6 

103 

7 

000011 

108 

011010 

8 

114 

9 

000100 

121 

011011 

10 

128 

11 

000101 

137 

011100 

13 

146 

14 

000110 

158 

011101 

15 

171 

16 

000111 

190 

011110 

18 

213 

20 

19 

oolooo 

275 

011111 

21 

001001 

23 

24 

001010 

26 

27 

001011 

29 

30 

001100 

32 

33 

001101 

35 

37 

001110 

39 

41 

001111 

43 

45 

010000 

47 

49 

010001 

51 

53 

010010 

55 

57 

010011 

66 

63 

010100 

69 

010101 

72 

75 

010110 

78 

DPCM  Quantizer  Values 
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Quantizer  Positive  Values  For  32  Levels 


Quantizer 

Quantizer 

Transmitted 

Bound 

Va  lue 

Bits 

0 

2 

00000 

4 

6 

00001 

8 

10 

00010 

13 

15 

00011 

18 

20 

00100 

23 

26 

00101 

29 

32 

00110 

35 

39 

00111 

43 

47 

01000 

51 

55 

01001 

6o 

66 

01010 

72 

78 

01011 

85 

94 

01100 

103 

115 

01101 

128 

147 

OHIO 

171 

233 

01111 

DPCM  Quantizer 

Values  - (Continued) 
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Quantizer  Positive  Values  For  16  Levels 


Quantizer 

Quantizer 

Transmitted 

Bound 

Value 

Bits 

0 

4 

0000 

8 

13 

0001 

18  ' 

23 

0010 

29 

36 

0011 

43 

51 

0100 

6o 

72 

0101 

85 

104 

0110 

128 

190 

0111 

Quantizer 

Positive  Values 

For  8 Levels 

Quantizer 

Quantizer 

Transmitted 

Bound 

Va  lue 

Bits 

0 

9 

000 

18 

30 

001 

43 

62 

010 

85 

147 

Oil 

* 

DPCM  Quantizer  Values  - (Continued) 
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Quantizer  Positive  Values  For  4 Levels 


Quantizer 

Quantizer 

Transmitted 

Bound 

V a lue 

Bits 

0 

19 

00 

43 

105 

01 

Quantizer  Positive  Values  For  2 Levels 


Quantizer 

Quantizer 

Transmitted 

Bound 

Value 

Bits 

0 

62 

0 

DPCM  Quantizer  Values  - (Continued) 
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Abstract 

Employing  a sophisticated  data  compression 
algorithm,  the  laboratory  version  of  a 
digital  TV  system  which  exploits  the  power 
of  off-the-shelf  microprocessor  chips  has 
been  designed  and  placed  in  operation.  TV 
images  are  treated  as  256  lines  of  256 
pixels  (picture  elements),  the  TV  camera 
video  being  converted  to  6 bits  of  accuracy. 
Frame  slow  down  by  a factor  of  8 combined 
with  the  Discrete  Cosine  Transform  (DCT) 
along  a TV  line  and  Differential  Pulse  Code 
Modulation  (DPCM)  line  to  line  can  reduce 
the  data  rate  to  as  low  as  200  Icbps.  At 
the  receiving  3ite  the  inverse  transfor- 
mations are  performed  to  recover  the  image, 
which  is  stabilized  in  a digital  Frame 
Store  Memory  (FSM)  during  conversion  back 
to  analog  for  display  on  the  TV  monitor. 

Introduction 

Under  :JSAF  sponsorship*  a laboratory  system 
has  been  developed  for  the  evaluation  of 
digital  TV  transmission  systems,  as  illus- 
trated in  Figure  1.  Such  a system  could  be 
employed  for  the  communication  of  TV  signals 
from  a Remotely  Piloted  Vehicle  or  Space- 
craft to  a ground  station.  Rather  than 
assembling  the  rather  limited  configuration 
of  Figure  1,  a much  more  powerful,  general- 
purpose  system  was  placed  in  operation. 

As  shown  in  Figure  2,  it  replaces  the  modems 
with  the  UNIBUS  of  the  PDP-11  minicomputer — 
at  the  3ame  time  permitting  the  minicom- 
puter to  have  control  over  all  the  subsys- 
tems and  the  mode  of  operation. 

The  two  key  elements  are  the  microprocessors 
which  are  12-bit  units  assembled  from  the 
Schottky  TTL  Am  2901  '♦-bit-slice  micropro- 
cessor chips.  Capable  of  performing  any 
arithmetic  or  logical  operation  ( including 
multiply)  in  150  ns.  each  Model  1240 
microprocessor  runs  under  microprogram 
control  from  a 46-bit  wide  RAM  microstore 
to  which  the  PDP-11  has  direot  access. 

Because  the  system  is  entirely  microcoded. 
it  can  serve  to  study  any  of  a wide  variety 
of  compression  algorithms.  The  initial  one 
demonstrated  is  that  due  to  Habibi , some- 
times called  a hybrid  technique  because  it 
Is  a combination  DCT/DPCM.  It  has  been 
shown  by  simulation  to  give  performance 
close  to  the  optimum  of  the  Karhunen-Loeve 
transform.  It  should  be  noted  that  the 

♦Contract  F33601-76-90528 


Richard  V.  Keele  G.  Graham  Murray 
Data/Ware  Development 
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system  can  just  as  readily  enhance  images 
as  compress  them.  The  microprocessors  can 
be  programmed  to  perform  any  desired  1-D 
or  2-D  enhancement  algorithm,  the  system 
having  been  designed  to  permit  this.  Medical 
image  processing  is  a definite  possibility 
with  this  configuration. 

System  Operation 

It  was  convenient  to  place  all  the  system 
elements  on  the  UNIBUS  to  permit  flexibi- 
lity of  operation.  In  the  PDP-11  any  two 
devices  attached  to  the  UNIBUS  ( including 
the  CPU  and  high-speed  memory)  can  communi- 
cate, provided  that  one  acts  as  Bus  Master 
and  the  other  as  Bus  Slave.  The  CPU  is 
always  a Master  and  memory  a Slave.  The. 
Model  1240  system  makes  the  TV  Camera  a 
Slave,  but  the  Frame  Store  Memory  and  the 
microprocessors  can  be  either  Masters  or. 
Slaves. 

The  UNIBUS  permits  a maximum  rate  of  trans- 
fer of  2.5  megawords  (5-0  megabytes)  per 
sec.  This  is  sufficient  to  allow  sending 
the  256  pixels  of  a TV  line  from  the  camera 
to  any  destination  in  the  available  63.5 
microseconds.  In  particular,  an  entire 
field  of  256x256  pixels  can  be  transferred 
to  the  65.536  byte  FSM. 

One  mode  which  is  quite  important  is  that 
in  which  a "stripe"  32  pixels  wide  and  256 
lines  deep  is  transmitted  during  a field 
time.  This  is  an  3 to  1 field  slow  down 
which  gives  acceptable  results  at  the  ground 
station  in  typical  airborne  applications. 

The  stripes  are  processed  from  left  to  right, 
each  stripe  being  updated  at  a 7-5  times  a 
second  rate. 

When  the  system  is  in  the  stripe  mode.  32 
pixels  from  each  line  are  sent  to  the  first 
microprocessor  which  performs  the  DCT/DPCM 
computation  on  the  entire  stripe.  Note 
that  a 32-point  XT  computation,  followed 
by  the  DPCM,  must  be  executed  by  the  micro- 
processor in  63-5  microseconds  or  less. 
Employing  an  algorithm  for  the  XT  superior 
to  any  published  which  is  due  to  P.  J. 
Erdelsky  and  G.  G.  Murray  of  Data/Ware,  the 
DCT  can  be  computed  with  19^  additions  and 
115  multiplications.  With  its  pipelined 
architecture  and  fast  150  ns  microinstruc- 
tion time,  the  Model  1240  microprocessor  is 
able  to  perform  these  computations  in  the 
allocated  time. 
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The  second  microprocessor,  which  simulates 
the  ground  station,  must  carry  out  the 
inverse  transformations  in  order  to  recover 
the  image.  The  data  compression  achieved 
results  from  the  DPCM  process,  which  is  the 
last  step  at  the  transmitting  site.  At  the 
ground  station  the  inverse  DPCM  is  the  first 
operation. 

After  the  DCT  step  during  encoding,  the 
DPCM  compares  the  frequency  domain  coeffi- 
cients of  one  TV  line  segment  with  those 
on  the  succeeding  line.  A difference  is 
formed  for  each  coefficient  which  serves 
as  input  to  a quantizer  table.  Depending 
upon  the  amount  of  compression  desired,  the 
code  word  from  the  quantizer  can  vary  from 
0 bits  to  perhaps  4 bits.  One  output  from 
the  quantizer  is  a rounded  value  of  the 
difference , which  when  added  to  the  value 
of  the  coefficient  on  the  preceding  line 
produces  the  estimate  for  the  present  line. 
The  second  output-  is  the  code  word,  which 
is  in  a one-to-one  relationship  with  the 
rounded  (quantized)  value  and  is  trans- 
mitted to  the  ground  station. 

Depending  upon  the  contents  of  the  quantizer, 
the  overall  bit  rate  can  vary  from  1,600,000 
bps  to  200,000  bps,  the  latter  corresponding 
to  less  than  0.5  bits  per  pixel.  There  is 
of  course  noticea.ble  degradation  at  lower 
bit  rates,  but  the  quality  is  adequate  for 
many  applications  where  fine  detail  is  not 
needed. 


The  literature  suggests  this  formulation: 
Let 

*k  * Ij-o  aj  »'Jk  O) 

Then 

* w~*k  Ak  (4) 

where  this  last  step  is  referred  to  as  the 
final  rotation.  Note  that  equation  (3)  is 
the  double-length  FFT  referred  to  above. 

The  new  algorthim  for  the  DCT  performs  the 
computation  in  two  steps  also.  The  first 
is  a single-length.  FFT-lilce  computation 
in  which  quantities  3^  are  derived.  This 

is  illustrated  in  Figure  3,  which  identi- 
fies the  four  types  of  "butterfly'*  calcu- 
lations required.  A rotation  is  next 
carried  out.  After  the  rotation  step,  the 
Gk  are  available  for  input  to  the  DPCM 

computation. 

The  DPCM  step  involves  DCT  coefficients 
from  successive  lines  within  a strips. 

The  notation  is  that  Gkn^  is  the  kth  co- 
efficient for  the  nth  line.  A difference, 
x,  is  formed  between  the  present  coeffi- 
cient and  the  corresponding  one  from  the 
preceding  line  — attenuated  by  a factor 
9<  between  0 and  1. 


As  implemented,  there  are  312  clock  pulses 
during  each  TV  line  — 256  during  the  active 
time  of  52.1  microseconds  and  56  during  the 
11.4  microsecond  retrace  tine.  When  in  the 
stripe  mode,  the  second  microprocessor  must 
update  the  FSM  with  32  new  pixels  during 
each  line  time.  This  can  conveniently  be 
carried  out  during  retrace  time  when  it 
will  not  disturb  the  readout  of  the  FSM  a3 
it  updates  the  TV  monitor. 


Compression  Algorithm 

With  the  hybrid  XT/DPCM  compression  scheme, 
it  is  the  XT  step  which  by  far  is  the  more 
difficult.  A transform  on  32  pixels  must 
be  carried  out  in  less  than  64  microseconds. 
In  addition,  formulations  of  the  DCT  com- 
putational algorithm  in  the  literature 
suggest  in  essence  that  a double-length 
Fast  Fourier  Transform  (FFT)  be  performed. 
Let  gQ,  gj_,  ....  g31  be  the  pixel  grey- 
scale values  from  one  stripe  of  a TV  line. 
The  XT  is  defined  as 

\ • 2Z)mO  *j  co*  (1) 

k*0 , l 31 


where  9 ■ 
conjugate 


2ip'64.  By  combining  complex 
terms , • 


aJ 


w 


-jk 


(2) 


19 

where  w ■ e , i is  the  square  root  of  -1, 
and 


- ft j ^ *31 

J |*6 3- j ^ J232 


The  difference,  x.  is  used  as  the  input 
to  the  quantizer,  whose  output  depends  upon 
x and  upon  k (the  frequency  of  the  coeffi- 
cient). 0(x)  is  the  code  word  sent  to  the 
receiving  site,  and  R(x)  is  the  rounded 
value  of  the  .difference.  The  smoothed 
estimate  of  the  kth  coefficient  is  given  by 

3£n)  ■ R(x)  + <*5£n_1)  (5) 

where 

x * (j£n^  -ofGkn_1'  (6) 

The  starting  value  of  is  not 

important  because  a*,  is  less  than  1 so  that 
the  initial  value  is  attenuated  to  zero 
eventually . 


Saflu  IwltfflmuU9n 

Each  major  subsystem  is  interfaced  to  the 
UNIBUS  via  a plug-in  card  so  that  the 
various  key  registers  of  the  subsystem 
appear  as  high-speed  (core)  memory  locations 
to  the  PDP-11  CPU.  This  means  that  the 
PDP-11  can  directly  modify  the  control  store 
contents  within  each  microprocessor  and 
interrogate  or  modify  various  registers - 
Thus  the  microprocessor  is  controlled  not 
by  a front  panel  but  rather  by  an  operating 
system  within  the  PDP-11  computer.  Addi- 
tional registers  within  the  Interface  card 
itself  establish  the  overall  mode  of  ope- 
ration. Each  microprocessor  can  be  set 
up  to  act  as  Bus  Master  or  Bus  Slave. 
Typically  the  first  microprocessor  will 
act  as  Master  in  fetching  pixels  from  the 
TV  camera  and  in  sending  XT/DPCM  "coeffi- 
cients" to  the  second  microprocessor. 
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This  requires  the  second  microprocessor  to 
he  commanded  to  accept  coefficients  as  a 
Slave  but  to  send  the  recovered  pixels  to 
the  FSM  as  a Master. 

Another  possibility  is  for  the  first  micro- 
processor to  send  the  coefficients  to  the 
core  memory  of  the  PDP-11,  from  which  the 
second  microprocessor  can  fetch  them.  This 
is  convenient  for  2-D  work  in  which  the 
first  microprocessor  performs  the  horizontal 
DOT.  Fourier.  Hadamard,  or  Haar  transform, 
and  the  second  microprocessor  performs  the 
vertical  transform.  The  coefficients  can 
now  be  manipulated  by  the  PDP-11  either  for 
enhancement  or  for  redundancy  reduction. 

This  would  be  followed  by  the  inverse  trans- 
forms. Implied  in  the  above  is  the  ability 
of  the  microprocessor  interface  card  to 
carry  out  "comer-turned"  addressing  of  core 
memory  when  required  for  2-D  work. 

Because  the  PDP-11  has  access  to  the  inter- 
face cards,  it  controls  completely  the  mode 
of  operation.  The  end  of  each  field  time 
is  signalled  to  the  PDP-11  as  an  interrupt. 
During  vertical  retrace  time  the  CPU  can 
set  up  the  desired  processing  for  the  next 
field.  For  example,  the  CPU  must  change 
the  stripe  by  incrementing  various  registers 
in  the  interface  cards. 

The  FSM  is  regarded  by  the  PDP-11  as  a 32,768 
word  memory  to  which  it  has  access  as  8 
pages,  each  of  4,096  words.  This  makes  it 
quite  convenient  for  the  CPU  to  interrogate 
and  manipulate  pixels  within  the  FSM. 
Conversely,  it  was  mentioned  above  that  the 
microprocessors  can  access  the  PDP-11  core 
memory,  which  greatly  reduces  the  need  for 
transferring  blocks  of  data  within  the 
system. 

As  previously  noted,  the  system  can  capture 
an  entire  TV  field  rather  than  operating  in 
the  stripe  mode.  This  would  permit  avoiding 
the  problem  of  edge  effects  from  assembling 
8 stripes  into  a single  picture.  Also, 
provision  has  been  made  for  adding  a second 
FSM.  This  would  simulate  a mode  of  opera- 
tion in  which  the  transmitting  site  seizes 
a field  before  compressing  it. 

In  an  actual  application,  the  transmitting 
site  would  have  to  send  a synchronizing 
signal.  For  laboratory  work  the  synchroni- 
zation is  provided  by  a Fairchild  3262A 
sync  generator  chip'whose  outputs  are  fed 
to  the  camera  and  monitor.  Through  the  use 
of  FIFO  memories  for  both  input  and  output, 
the  microprocessors  can  run  independently 
from  the  synchronizing  signals.  When  the 
input  FIFO  is  empty  or  the  output  FIFO  full, 
the  microprocessor  suspends  operation. 

Although  it  clearly  results  in  a processing 
slow-down,  it  is  possible  to  operate  the 
system  with  a single  microprocessor  which 
will  both  compress  the  data  and  expand,  it. 

It  is  necessary  to  bring  the  field  directly 
from  the  camera  to  the  FSM.  This  data  is 
then  read  out  to  the  microprocessor  for 
compression,  followed  by  expansion.  The 
processed  pixels  are  then  stored  back  in 
the  FSM  for  viewing.  When  done  dynamically 
with  a single  FSM,  the  TV  monitor  alternately 
shows  the  original  pixels  and  the  processed 


pixels  unless  the  system  has  two  FSM's.  In 
the  latter  case  the  original  TV  images  and 
the  processed  images  could  be  viewed  side 
by  side. 

Model  1240  Microprocessor 

The  microprocessor  has  been  carefully  de- 
signed for  optimum  performance  in  signal 
processing  applications,  especially  those 
involving  the  Fourier  Transform  or  the  DOT. 
The  three  Am  2901  chips  facilitate  addition, 
subtraction,  and  logical  operations.  Figure 
4 shows  the  architecture  of  the  Model  1240 , 
revealing  a separate  multiplier  array.  RAM 
Scratch  Pad  Memory  of  64  words,  and  Quantizer 
Taoles  for  the  DPCM  computation.  Within  the 
48-bit  microinstruction  is  a 12-bit  operand 
field  which  can  store  sine/cosine  values 
needed  for  the  transform. 

A pipeline  architecture  permits  the  execu- 
tion of  microinstructions  in  150  ns  with 
literally  no  overhead.  For  example,  the 
general  butterfly  computation  of  the  FFT 
requires  4 multiplies  and  6 additions, 
exclusive  of  data  fetches,  stores,  etc.  The 
Model  1240  is  able  to  perform  the  butterfly 
in  exactly  10  microinstructions,  including 
all  fetches  and  stores.  Parallel  operations 
along  with  pipelining  permits  this.  The 
coding  is  all  in  line  in  order  to  avoid 
wasted  time  on  looping,  testing,  etc.  The 
organization  within  the  Am  2901  chip  itself 
is  very  conducive  to  efficient  computing. 

The  availability  of  the  16  general  registers 
plus  the  Q register  is  quite  important. 

These  are  supplemented  by  the  64  words  of 
RAM  Scratch  Pad  Memory  which  is  organized 
so  that  the  Model  1240  nevdr  has  to  wait  to 
fetch  words  or  to  store  them.  Fields  within 
the  48-bit  microinstruction  are  able  to 
anticipate  the  demand  for  data  and  the  need 
to  store  it  so  that  memory  operations  are 
always  overlapped  with  productive  arithmetic 
ones. 

In  the  organization  of  the  Am  2901  two 
operands  (either  two  general  registers  or 
a general  register  and  externally  supplied 
word)  are  combined  with  the  result  being 
stored  in  a general  register.  A word  can 
be  outputted  in  parallel  with  the  preceding 
if  desired.  From  Figure  4,  the  D register 
is  the  means  of  supplying  the  external  word 
from  any  of  several  sources,  and  it  can  be 
seen  that  the  Am  2901  output  can  be  directed 
to  any  of  several  destinations. 

To  assist  the  programmer  in  writing  code, 
a source  language  has  been  defined  for 
input  to  a cross-assembler  written  for  the 
PDP-11.  Each  line  of  source  language 
generates  at  most  one  microinstruction. 

Lines  typically  contain  several  phrases, 
some  examples  of  which  are  as  follows i 
r op  a -»  dest,  S -♦  Sn,  D In,  Sn  -*■  D, 
nnnn  X M,  nnrrn  -w  D,  JUMP.  .The  interpre- 
tations are i combine  the  operands  r and  s 
(which  may  be  in  general  registers) , load 
the  contents  of  register  S into  Scratch  Pad 
Memory  location  n,  load  the  contents  of  the 
D register  into  Quantizer  Table  location  n, 
load  Scratch  Pad  Memory  location  n into  the 
D register,  multiply  the  contents  of  register 
M by  the  operand  field  within  the  microin- 
struction, load  the  operand  field  into  the 
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0  register,  and  jump  to  either  0000  or  the 
breakpo int . 

In  the  phrase,  "r  op  s“,  op  refers  to  one  of 
the  Am  2901  operations i +,  -,  OR,  AND,  CAND, 
XOR  or  NXORs  "dost”  refers  to  one  of  the 
destinations!  Rjj,  0,  Rj^  SHIFTED,  S,  T,  M, 

LOUT  or  ROUTj  and  r and  s are  one  of  the 
permitted  combinations. 

£ £ 
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D t 

D Q 

D Rn 

Rn  Q 


Rr  is  one  of  the  Am  2901 's  general  registers, 

Q is  the  extension  register,  S is  the 
Scratch  Pad  Register,  T is  the  input  Regis- 
ter to  the  Quantizer  Table,  M holds  the 
multiplier,  and  LOUT  and  ROUT  are  the  two 
output  FIFO’s  (left  and  right). 

Source  language  for  the  Model  1240  Micro- 
assembler Is  in  ASCII  format,  typically  from 
paper  tape.  Nulls,  line  feeds  and  rubouts 
are  ignored,  and  the  carriage  return  is 
used  as  a line  terminator. 

Each  line  of  source  language  generates  at 
most  one  microinstruction,  and  must  not  be 
any  longer  than  46  characters  (not  counting 
the  carriage  return  that  terminates  it). 
Phrases,  as  illustrated  above,  are  made  up 
of  ''item8,,.  such  as  R , Q,  D,  OR,  AND,  etc., 
from  a list  of  permitted  items.  Items  must 
be  in  a particular  order,  but  phrases  may 
appear  in  any  order. 

Items  should  be  separated  by  one  or  more 
spaces , but  spaces  are  not  required  before 
or  after  non- alphanumeric  characters. 

Phrases  may  be  separated  by  spaces  and/or 
commas.  (Spaces  and  commas  are  generally 
ignored  except  as  item  terminators.) 

Almost  any  ASCII  string  enclosed  in  paren- 
theses is  treated  as  a comment.  It  will 
appear  in  the  assembler  listing  but  will 
not  affect  the  assembly  otherwise.  Comments 
may  be  placed  anywhere  except  inside  items. 

A comment  at  the  and  of  a line  does  not  need 
a right  parenthesis,  and  comments  may  not 
contain  carriage  returns  or  right  parenthe- 
ses. 

The  microinstruction,  consisting  of  48  bits, 
can  be  loaded  from  the  host  minicomputer  as 
three  16-bit  words.  Microstore  is  organized 
in  the  laboratory  model  as  up  to  four  cards, 
each  of  1,024  microinstructions..  As  re- 
marked above,  however,  the  total  DCT/DPCM 
program  requires  less  than  512  microinstruc- 
tions. 

Each  microinstruction  is  organized  into  14 
fields,  numbered  in  octal.  Fielda  consists 
of  the  following! 

01  Causes  writing  to  Scratch  Pad 

02  Scratch  Pad  Memory  Address 


03  Not  used 

04  Am  2901  A address 

05  Am  2901  B address 

06  Carry  In 

0?  Am  2901  function 

10  Control  of, loading  D Reg 

11  Am  2901  Source  Operand 

12  Am  2901  Destination  Control 

13  Control  of  Am  2901  output 

14  Loads  Multiplier  from  RAM 

15  Selects  Quantization  Table 

16  12-bit  Operand 

With  the  above  logical  orgainzation  the 
programmer  can  arrange  so  that  operands  are 
always  available  when  needed,  either  from 
Scratch  Pad,  general  registers,  or  the  input 
FIFO's.  Furthermore,  addition  and  multipli- 
cation can  be  overlapped.  Field  16  provides 
a 12-bit  twos  complement  number  by  which  the 
contents  of  the  M register  are  multiplied. 
Multiplication  is  performed  in  two  stages  — 
first  two  partial  products  are  formed  by 
carrying  out  two  6x12  multiplications  in 
parallel  and  then  on  the  next  clock  cycle 
the  two  partial  products  are  added.  The 
3um  is  available  for  loading  into  the  D 
register.  Alternatively,  Field  l6  can  be 
loaded  directly  into  the  D register. 

Future  Directions 

Although  it  has  been  pointed  out  that  the 
configuration  of  Figure  2,  as  well  as  the 
modified  one-microprocessor  system,  would 
permit  conducting  many  types  of  imagery 
studies,  including  enhancement,  the  original 
impetus  for  the  project  was  developing  low- 
cost  TV  compression  hardware  for  Remotely 
Piloted  Vehicles.  Therefore,  emphasis  was 
placed  on  the  utilization  of  off-the-shelf 
LSI  circuitry.  This  goal  has  been  success- 
fully achieved  although  the  hardware  has 
not  been  repackaged  in  hybrid  form  to 
achieve  the  desired  small  size. 

There  is  one  problem  which  has  yet  to  be 
addressed  — the  power  consumption  of 
Schottky  TTL.  It  is  in  this  respect  that 
the  present  design  has  a deficiency  since  it 
requires  around  60  watts.  What  is  needed  is 
a CMOS  (preferably  SOS)  version  of  the  Am 
2901.  Several  companies  appear  to  be  active 
in  this  field  fortunately.  Thus  the  design 
would  have  to  be  modified  from  TTL  to  CMOS, 
which  would  not  be  a major  undertaking.  At 
the  same  time  it  would  be  desirable  to  reduce 
the  word  length  of  the  microprocessor , at 
least  the  airborne  one,  from  12  bits  to  8 
bits,  which  would  reflect  into  further  hard- 
ware and  power  savings. 

One  of  the  important  achievements  in  the  pre- 
sent design  was  the  discovery  of  a totally 
new  DCT  algorithm,  much  more  efficient  than 
those  previously  employed.  It  appears, 
however,  that  there  exist  possible  further 
improvements  to  the  algorithm  which  would 
reduce  the  required  computations  without  much 
effect  on  image  quality.  This  too  would  have 
a favorable  impact  on  the  hardware. 

Summary 

It  has  been  shown  that  it  is  feasible  to  com- 
bine 4-bit  Schottky  TTL  microprocessor  chips 
into  a 12-bit  processor  capable  of  compress- 
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ing  TV  signals  sufficiently  to  achieve  data 
rates  as  low  as  200  kbps.  The  algorithm 
initially  demonstrated  is  the  Discrete  Cosine 
Transform  followed  by  Differential  pulse 
Code  Modulation,  a laboratory  model  in  which 
the  two  microprocessors  corresponding  to  the 
transmitting  and  receiving  sites  are  con- 
trolled by  a PDP-11  minicomputer  has  been 
designed  and  placed  in  operation.  See  Figure 
5 which  shows  the  imagery  system  mounted  in 
a relay  rack,  with  this  laboratory  system 
it  is  possible  to  simulate  a complete  imagery 
transmission  link,  whether  it  is  one  using 
the  DCT/DPCM  algorithm  or  one  using  another 
compression  technique.  A very  powerful 
algorithm  for  the  DCT  has  been  demonstrated. 
For  the  ultimate  in  low-power  consumption  the 


present  TTL  design  would  be  replaced  with 
CMOS.  Based  upon  new  developments  in  CMOS 
LSI  devices,  including  4-bit  slice  architec 
tures,  this  appears  quite  practical. 
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SECTION  I 


INTRODUCTION 

The  digital  video  processor*  Model  D/W  1240,  to  be  delivered  to 
the  A PAL  early  in  1977  is  a powerful  microprogrammed  system 
which  can  be  put  to  mahy  uses.  It  will  be  accompanied  by 
a FORTRAN  cross-assembler  to  permit  writing  additional  micro- 
instruction programs  for  future  applications.  The  microstore, 
proposed  to  include  512  microinstructions  in  RAM,  can  readily 
be  expanded  Jio  4096  by  plug-in  cards.  Also  the  microprocessor 
which  is  the  heart  of  the  digital  video  processor  has  been  de- 
signed so  that  the  PDP-11  can  readily  control  it,  either  loading 
or  reading  out  certain  of  the  microprocessor  internal  registers. 

The  principal  application  intended  is  image  processing,  in  parti- 
cular data  compression  by  means  of  the  Discrete  Cosine  Transform/ 
Differential  Pulse  Code  Modulation  which  experts  in  the  field 
believe  is  near  optimum  in  TV  work.  The  microprocessor  is  a 
powerful  design  featuring  the  Advanced  Micro  Devices  Am2901 
4-bit  Schottky  TTL  chip,  which  is  fast  becoming  an  industry  stan- 
dard. However,  because  it  is  microprogrammed,  this  device  can 
be  employed  for  all  the  familiar  transforms  used  in  image  pro- 
cessing, such  as  the  Hadamard-Walsh  or  straight  DPCM. 

But  there  is  no  restriction  implied  in  the  utilisation  of  the 
Model  D/W  1240.  It  represents  a high-speed  attachment  to  a mini- 
computer and  hence  can  be  programmed  to  process  sonar  or  radar 
or  PLIR  data.  Its  main  advantage  is  high-speed  as  it  omtruns  the 
typical  minicomputer  by  a factor  of  20  or  so  in  speed.  Other 
possible  applications  include  image  enhancement,  communications, 
encoding/decoding,  pattern  recognition,  high-speed  sorting,  etc. 
Thus  although  the  system  has  great  value  simply  as  a prototype 
for  future  Remotely  Piloted  Vehicle  imagery  applications,  it  also 
has  other  equally  interesting  applications. 
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SECTION  II 


IMAGERY  APPLICATIONS 

In  the  evolution  of  the  digital  video  processor,  two  earlier  con- 
figurations were  judged  to  be  inferior  to  that  of  Pig.  E-l  — Con- 
figuration C,  which  features  both  the  Frame  Store  Memory  and 
the  TV  Camera  being  accessible  from  the  UNIBUS.  The  controller 
would  be  a PDP-11  minicomputer. 

2.1  Configuration  C 

The  system  depicted  in  Pig.  E-l  is  capable  of  processing  a verti- 
cal stripe  32  pixels  wide  in  a single  field  time.  The  32-pixel 
line  is  processed  by  the  cosine  transform  (JDCT),  and  then  the 
coefficients  from  line  to  line  are  differentially  encoded  by 
means  of  the  DPCM.  This  can  result  in  data  rates  from  the  Re- 
motely Piloted  Vehicle  in  the  range  of  1600  down  to  200  Kbps, 
which  are  well  suited  to  spread  spectrum  communications  with 
high  processing  gain  to  resist  jamming. 

Since  an  actual  system  would  require  two  microprocessors  — one 
in  the  RFV  and  one  on  the  ground  — Configuration  C must  make 
double  use  of  the  single  microprocessor.  This  would  be  accomp- 
lished as  follows.  An  entire  field  would  be  captured  from  the 
TV  Camera  and  moved  into  the  Prame  Store  Memory  (PSM)  along  the 
UNIBUS.  Then  the  microprocessor  (assuming  1024  words  of  micro- 
store) would  hold  both  the  forward  DCT/DPCM  and  the  inverse 
DCT”1/bPCM*1  transforms  in  microstore.  It  would  then  perform 
both  the  forward  and  the  inverse  transform  on  each  line  of  32 
pixels  transferred  in  and  out  from  the  PSM.  When  the  entire 
field  of  256x256  pixels  was  transformed  in  both  directions,  the 
original  image  on  the  Monitor  would  be  replaced  by  the  trans- 
formed and  hence  degraded  image. 

Note,  however,  that  there  is  a 2-to-l  slow-down  when  a single 
microprocessor  is  employed.  Since  it  takes  two  line  times  (2x 
65  usee)  te  process  a 32-pixel  group  in  both  the  forward  and  in- 
verse direction,  the  slow-down  in  field  processing  is  from  60/8 
to  60/16  per  second.  But  sometimes  this  may  not  be  acceptable. 
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2.2  Configuration  D 

In  order  to  overcome  the  speed  limitation  of  Configuration  C( 
it  is  possible  to  add  a second  microprocessor!  as  shown  in  Fig.  E-2. 
This  configuration  is  a more  accurate  representation  of  an  actual 
RPV  application  in  which  the  two  units  on  the  left  in  Fig.  E-2  re- 
present airborne  equipment  and  the  two  on  the  right,  ground  equip- 
ment. It  is  planned  to  design  the  Bus  Interface  Card  of  the 
microprocessor  so  that  it  can  act  both  as  Slave  and  Master.  The 
first  microprocessor  (the  one  on  the  left)  will  fetch  32  pixels, 
packed  into  16  words,  either  directly  from  the  TV  Camera  buffer 
or  from  the  FSM  — depending  on  the  mode  of  operation  selected  by 
the  Operator.  After  the  first  microprocessor  performs  the  DCT 
and  DPCM  on  this  data,  it  is  stored  as  32  coefficients  packed 
two  per  word,  in  its  Output  Buffer. 

The  second  microprocessor  will  next  act  as  Master  and  treating 
the  first  microprocessor  as  Slave  will  fetch  the  32  coefficients. 

The  inverse  DCT  and  inverse  DPCM  operations  will  then  be  carried 
out.  The  reconstructed  32  pixels  will  be  available  in  the  Output 
Buffer.  Again  acting  as  Master  the  second  microprocessor  will 
store  these  pixels  in  the  FSM  for  display. 

Whereas  in  Configuration  C it  is  necessary  to  first  capture  an 
entire  field  in  a FSM  so  as  to  permit  the  single  microprocessor 
to  compress  and  expand  the  data  in  a slowed-down  mode,  with 
Configuration  D this  is  not  necessary.  Data  can  be  accessed  di- 
rectly from  the  TV  Camera  by  the  first  microprocessor.  This 
data,  after  processing,  is  passed  to  the  second  microprocessor. 
Finally  it  is  moved  to  the  FSM.  This  is  equivalent  to  the  moving 
of  16  16-bit  words  three  times,  or  48  word  transfers  during  a 

line  time  of  65  usee.  Even  at  500  nsec  per  transfer,  this  would 

* 

take  only  24  usee.  It  should  be  noted  that  the  microprocessor 
is  computing  as  the  data  is  being  moved  so  that  it  has  a full 
65  usee  either  to  compress  or  to  expand  the  data. 


The  Controller  always  gives  the  first  microprocessor  a 65  usee 
headstart  over  the  second  one.  Thus  there  is  compressed  data 
waiting  for  the  second  microprocessor  when  it  is  started. 


2.3  Optional  Modes 

Certain  optional  imagery  processing  modes  are  possible.  Included 
are  the  following,  among  others » 

1.  Had amard -Walsh  Transform  combined  with  DPCM  — The 
Hadamard -Walsh  Transform  is  actually  simpler  to  implement  than 
the  Past  Pourier  Transform  or  the  DCT  since  no  multiplications 
are  involved. 

2.  Haar  Transform  — This  transform  should  also  be  capable 
of  being  performed  since  it  has  a rather  simple  algorithm. 

3.  Straight  DPCM/DPCM  — Either  single  dimension  or  2- 
dimensional  DPCM  can  be  employed. 

4.  Fast  Pourier  Transform  — This  transform  can  also  be 
used.  Data/Ware  has  an  excellent  algorithm  for  applying  the 
PPT  to  all-real  input  data. 

2.4  Three-Dimensional  Processing 

Three-dimensional  processing  is  extremely  important  since  it 
offers  the  advantage  of  more  powerful  compression.  One  such 
scheme  would  require  a 2-D  DCT  on  each  field  followed  by  DPCM 
from  field  to  field.  In  order  to  carry  out  such  processing, 
an  additional  memory  is  needed  in  order  to  store  the  "coeffici- 
ents from  the  preceding  frame".  Then  the  coefficients  obtained 
by  the  DCT/DCT  on  the  present  frame  can  be  differenced  with  those 
from  the  preceding  frame. 

Ideally  there  would  be  three  PSM's  in  the  system.  The  first 
would  capture  an  entire  field.  The  second  would  store  the  coef- 
ficients from  the  preceding  frame.  The  third  would  refresh  the 
Monitor.  But  for  experimentation  purposes  three  PSM's  would  not 
be  required.  With  some  ingenuity  it  should  be  possible  to  make 
do  with  core  memory  or  with  a small  portion  of  the  PSM.  If  the 
latter  is  used,  then  it  would  reduce  the  amount  of  PSM  available 
for  refreshing  the  Monitor.  Hence  only  \/z  of  a normal  picture 
from  the  TV  might  be  seen.  This  might  os  sufficient  for  pur- 
poses of  experimentation. 
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Three-dimensional  processing  requires  "comer  turning"  in  order 
to  carry  out  the  vertical  DCT.  After  the  horizontal  DCT  is  per- 
| formed  on  32  pixels,  the  coefficients  must  be  stored  in  a memory. 

1 The  microprocessor  is  then  able  to  address  this  memory  and  read 

out  the  data  in  blocks  of  32  vertical  pixels  so  as  to  do  the  se- 
cond DCT.  Hence  there  is  need  for  32x256  pixels  or  4096  words 
which  pack  2 coefficients  per  word.  In  doing  2-D  transforms, 
i-  it  seems  preferable  to  store  one  coefficient  per  16-bit  memory 

location.  Thus  there  is  need  for  8192  memory  locations. 

Another  requirement  is  for  256x256  memory  locations  for  the 
coefficients  of  the  preceding  field.  The  compromise  suggested 
woulo  use  half  of  the  FSM  for  coefficient  storage  from  the  pre- 
ceding frame.  In  addition  4096  words  of  core  memory  could  be 
used  for  comer  turning  half  of  a stripe.  A stripe  would  first 
be  processed  as  a horizontal  DCT  and  its  coefficients  woald  be 
stored  in  core  memory.  Next  the  vertical  DCT  would  be  carried 
out.  Following  that,  the  DPCM  would  be  done  with  coefficients 
from  the  preceding  frame  stored  in  one  half  of  the  FSM.  Then 
the  inverse  transforms  are  performed. 

The  final  pixels  to  be  displayed  require  that  the  inverse  DPCM 
be  done,  which  involves  the  present  DCT/DCT  coefficients  and 
those  of  the  preceding  frame.  Next  the  vertical  inverse  DCT 
is  done  — still  using  the  4096  word  working  area  in  memory. 
Finally  the  horizontal  inverse  DCT  is  carried  out  and  the  pixels 
that  result  are  sent  to  the  FSM  for  normal  display.  Since 
half  of  the  FSM  (or  even  more)  must  be  used  for  coefficient  stor- 
age, the  picture  displayed  must  be  a partial  picture. 

If  in  processing  a stripe,  only  the  top  half  of  the  TV  picture 
is  to  be  displayed  and  the  lower  half  of  FSM  used  for  storing 
the  preceding  frame  coefficients,  then  the  core  memory  location 
for  comer  turning  need  only  store  4096  coefficients  rather  than 
8192.  In  essence  the  problem  has  been  cut  in  half.  Thus  two 
microprocessors  doing  twice  the  work  (horizontal  followed  by 
vertical  DCT's)  on  half  the  data  should  be  able  to  keep  up. 
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2.  ej  Image  Bnhancemenl 
Image  enhancement  can  be  achieved  in  several  ways,  and  only  one 
will  be  discussed  here.  An  image,  perhaps  a reconnaissance 
photograph  or  a medical  X-ray,  is  scanned.  Pirst  a horizontal 
transform  (DCT  or  FPT)  is  performed  over  32  pixels,  and  this 
is  followed  by  a vertical  DCT  or  FPT.  At  this  moment,  2-D 
coefficients  are  available.  The  PDP-11  controller  can  then 
manipulate  these  ’’frequency"  coefficients  to  achieve  some  pur- 
pose. To  reduce  noise  in  a picture,  the  high-frequency  coef- 
ficients can  be  set  to  zerot  to  enhance  edges  the  high-frequency 
coefficients  are  increased  in  amplitude.  If  the  picture  is 
not  pleasing  to  the  eye  because  the  distribution  of  gray  scale 
values  is  too  limited,  they  can  be  stretched  to  cover  a wider 
range.  After  this  manipulation,  the  inverse  transforms  are  per- 
formed and  the  enhanced  picture  is  recovered. 

2.6  Playback  of  Reconnaissance  Film 

A technique  which  has  been  employed  at  NUC  is  to  take  a film 
taken  from  an  aircraft  and  run  it  through  a projector,  which 
perhaps  has  been  slowed  down.  The  TV  Camera  and  the  projector 
are  placed  "face  to  face"  through  a tube.  Thus  the  TV  Camera 
now  appears  to  be  mounted  in  the  aircraft.  Real  time  processing 
can  be  carried  out  with  very  realistic  results. 

It  is  possible  to  experiment  with  different  compression  ratios, 
with  different  DPCM  quantization,  with  modified  algorithms,  etc. 

As  this  is  done,  the  reconstructed  images  on  the  Monitor  can  be 
examined.  Clearly,  such  a set-up  can  be  used  to  train  operators 
and  to  obtain  useful  operational  training  in  a laboratory  environ- 
ment. 

?.7„  aaA  Ifl  Iwagtry 

Although  the  system  has  been  described  for  TV  processing,  there 
is  no  reason  why  it  cannot  be  adapted  to  FLIR  and  IR  imagery 
applications.  In  these  cases  it  is  assumed  that  the  emphasis  is 
to  be  changed  from  compression  to  enhancement.  This  means  that 
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enhancement  techniques  described  above  may  be  applicable. 
Certainly  a transform  into  the  frequency  domain  of  the  DCT  or 
PPT  type  followed  by  coefficient  manipulation  and  the  inverse 
transform  offers  the  possibility  of  noise  removal  and  image 
correction  for  sensor  anomalies.  Some  airborne  sensors  oper- 
ate in  a mode  which  produces  a single  scanned  line  and  the  air- 
craft's motion  is  counted  on  to  sweep  out  an  area.  The  process- 
ing techniques  discussed  herein  are  well  suited  to  such  a situa- 
tion. 


2.8  Pattern  Recognition 

Because  in  piloted  aircraft  there  are  a large  number  of  functions 
which  must  concern  the  pilot,  it  is  difficult  for  him  to  fully 
utilize  advanced  sensors  of  the  PLIR,  IR,  and  low-level  TV  types. 
There  is  therefore  a need  for  data  processing  which  could  assist 
the  pilot  in  identifying  man-made  artifacts.  Por  example,  one 
discriminant  frequently  employed  are  straight  lines  — such  as 
might  correspond  to  roads,  buildings,  etc. 

Edge  discrimination  is  consequently  quite  important  and  algorithms 
which  assist  in  this  process  have  been  proposed  by  many  investi- 
gators. Frequency  domain  computations  are  of  considerable  in- 
terest. It  therefore  should  be  possible  to  employ  the  digital 
video  processor  and  the  PDP-11  in  investigations  of  this  type. 

A suitable  photograph  can  be  placed  in  front  of  the  TV  Camera 
and  in  this  way  entered  into  the  system  for  processing.  Under 
software  control  in  the  PDP-11  the  microprocessor  can  carry  out 
a number  of  different  algorithms  for  edge  and  straight-line 
enhancement  in  order  to  make  them  more  visible. 

SECTION  III 

FRAME  STORE  MEMORY  UTILIZATION 

Because  in  the  system  design  the  PSM  was  amide  accessible  to  the 
PDP-11  via  the  UNIBUS,  flexibility  of  application  is  greatly 
increased.  Furthermore,  the  system  has  been  designed  to  permit 
the  later  addition  of  other  PSM's. 
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3.1  Storing  Images 

In  the  ideal  situation  there  would  be  at  least  two  PSM*s.  The 
first  would  accept  the  raw  imagery  in  digital  form  from  the  TV 
camera  or  other  source.  The  second  PSM  would  hold  the  processed 
pixels  in  order  to  update  the  Monitor.  Note,  however,  in  the 
text  above  there  was  a method  described  wherein  the  PSM  could 
be  employed  also  to  store  coefficients.  This  is  possible  be- 
cause the  PSM  — by  being  on  the  UNI BUS  — can  readily  be  ac- 
cessed by  the  microprocessor. 

In  order  to  permit  the  Monitor  refresh  function,  the  PSM  must 
cycle  in  400  nsec  or  less  for  a 16-bit  word,  equivalent  to  two 
pixels.  In  addition  it  must  be  possible  to  read  from  and  to 
write  into  the  PSM.  Through  special  logic  and  overlapping  of 
UNIBUS  operations  and  memory  operations,  a throughput  of  2.5 
Megawords/sec  for  I/O  is  retained. 

3.2  PSM  as  PDP-11  Memory 

The  PSM  has  been  memory  mapped  so  that  it  appears  to  the  PDP-11 
as  a 4k  portion  of  Main  Memory  occupying,  say*  the  position  from 
24k  to  28k.  Although  the  PSM  is  actually  32k  of  16-bit  words, 
the  PDP-11  Controller  must  set  a field  register  within  the  PSM 
to  identify  the  4k  currently  being  used.  If  two  FSM's  are  be- 
ing used  they  can  be  placed  in  different  4k  ranges  within  Main 
Memory  — say  24k  to  28k  and  also  20k  to  24k.  Alternatively, 
they  can  be  given  the  same  4k  range  and  the  PDP-11  will  identify 
which  one  can  respond  to  a UNIBUS  transaction  by  means  of  con- 
trol bits  in  the  Bus  Interface  Card  between  the  PSM  and  the  UNI BUS. 

The  above  is  necessary  because  the  PDP-11  has  only  a 16-bit  address 
word.  But  other  devices  on  the  bus  are  able  to  employ  18-bit 
addresses.  Hence  the  PSM*s  are  also  assigned  alternate  4k  addresses 
in  upper  core  memory  which  are  unique.  This  makes  it  simpler  when 
there  are  several  PSM's  present  and  the  various  microprocessors 
are  addressing  then  simultaneously. 
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Since  the  PDP-11  can  address  the  FSM,  it  is  able  to  manipulate 

data  therein  directly.  Hence  it  can  investigate  root  mean 
square  error  in  image  reconstruction  and  carry  out  any  similar 
desired  computations.  The  advantage  of  this  is  that  the  desired 
data  reduction  on  processed  results  can  be  carried  out  directly 
without  having  to  resort  to  a large-scale  computing  center. 


Because  of  the  fact  that  the  PDP-11  system  lets  the  CPU  and  the 
Main  Memory  communicate  over  the  UNI BUS  as  though  they  were  any 
other  Master-Slave  pair*  it  is  possible  to  utilize  the  FSM  as 
normal  PDP-11  memory.  Thus  it  can  store  not  only  data  but  also 
programs.  Thus  there  is  an  additional  32k  of  Main  Memory  avail- 
able to  the  PDP-11  when  imagery  processing  has  been  temporarily 
halted. 

SECTION  IV 

OTHER  ADVANCED  APPLICATIONS 


If  the  ability  to  microprogram  the  D/w  1240  processor  is  utilized 
fully,  it  would  be  possible  to  extend  the  system  applications  to 
many  other  fields.  Some  typical  examples  are  briefly  covered i 


4.1  Fast  Fourier  Transform 

Already  mentioned  above,  the  FFT  is  such  a basic  tool  in  engineer- 
ing that  it  seems  likely  that  this  capability  of  the  system  can 
be  exploited.  However,  one  limitation  is  that  the  system  is  best 
suited  to  short  data  blocks.  Longer  ones  would  require  some 
manipulation. 

4.2  Modems  and  Communications 

Digital  communications  systems  often  employ  a number  of  sub- 
carrier frequencies  which  are  harmonics  of  a single  tone.  For 
example,  in  the  Navy’s  Link  11  a carrier  is  modulated  by  16  tones. 
Information  in  such  communications  channels  is  contained  either 
in  the  presence  or  absence  of  such  tones  or  in  their  phases. 

Hence  a FFT  can  recover  this  information.  Data /Ware  has  carried 
out  studies  which  show  the  feasibility  of  using  the  D/W  1240 
processor  in  this  manner.  Such  a processor  can  act  either  as 
the  modulator  or  demodulator  in  digital  communications. 
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4.3  Voice  Processing 

Another  application  for  a FFT  processor  is  in  voice  processing, 
perhaps  in  the  communications  area.  A processor  in  this  type 
of  application  must  be  high-speed  and  able  to  do  the  PPT  in 
order  to  compress  digitized  voice  so  that  it  can  be  sent  at 
a relatively  low  data  rate. 

4.4  Bncoding/Decoding 

In  order  to  perform  error  encoding/decoding  a fast  processor  is 
required.  Data/Ware  has  designed  such  units  both  for  Reed-Muller 
and  for  BCH  codes.  Based  upon  this  experience,  it  is  known 
that  the  D/w  Model  1240  can  be  so  utilized. 

4. 5 Ploating  Point  Processor 

As  an  attachment  to  the  PDP-11,  the  microprocessor  cam  be  used 
to  perform  special  computations  — perhaps  on  matrices  or  in 
a floating  point  mode.  There  is  one  limitation,  however,  and 
that  is  thel2-bit  word  length.  Por  certain  applications  this 
might  be  acceptable  in  order  to  achieve  high-speed  processing. 

4.6  Sorting 

In  certain  military  applications*  it  is  necessary  to  sort  data 
very  quickly.  Because  of  its  high  internal  speed,  the  micro- 
processor should  be  able  to  sort  data  rather  quickly.  Data  to 

be  sorted  would  be  sent  by  the  PDP-11. 

SECTION  V 

SUMMARY 

The  intended  application  of  the  Digital  Video  Processor  System 
lies  in  imagery.  Although  designed  and  optimum  in  many  respects 
for  the  DCT/DFCM  data  compression  scheme  on  digitized  TV  data 
from  a RPV,  the  system  is  capable  of  other  inage  processing  tasks, 
involving  for  example  the  Hadamard , Haar . straight  DPCM*  etc. 
Three-dimensional  processing  and  image  enhancement  are  also  read- 
ily performed.  Playback  of  l6ma  film.  PLIR  and  IR  processing, 
and  pattern  recognition  are  other  areas  which  can  be  investigated 
with  this  system.  In  a section  on  the  Frame  Store  Memory  it  was 
pointed  out  that  the  PSM  can  also  serve  as  PDP-11  Main  Memory. 
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Controller 


Figure  E-l.  System  Block  Diagram 

Configuration  C 
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SECTION  I 


INTRODUCTION 

In  a report  entitled,  "TV  Redundancy  Reduction  System  Using  A 
Bipolar  Microprocessor",  T-36-928,  Data/Ware  Development,  Inc. 
described  an  implementation  of  the  NUC  Mini-RPV  System  using 
the  Am  2901  bipolar  microprocessor.  An  important  consideration 
in  this  approach  was  the  availability  of  a new,  highly  efficient 
algorithm  developed  by  Data/ware.  Both  the  algorithm  and  the 
logic  organization  were  outlined  in  the  referenced  report. 

However,  in  order  to  assess  the  feasibility  of  the  micropro- 
eessor-based  system,  it  is  important  to  estimate  the  size, 
weight,  and  power.  The  goals  for  these  are  a size  of  4"x 
8"xi",  weight  of  1 lb.,  and  power  consumption  of  10  watts. 

The  weight  is  not  expected  to  be  a problem,  and  so  the  issue 
resolves  swiftly  to  one  of  size  and  power.  Later  it  will  be 
shown  that  size  is  not  a problem  either.  Thus  the  final  issue 
is  one  of  power  consumption. 

Data/Vare  is  able  to  present  a fairly  accurate  parts  count 
based  upon  a Sehottky  TTL  design.  The  reason  for  designing 
with  this  family  was  two-fold.  Pirst,  the  Am2901  4-bit  bi- 
polar slice  is  itself  Sehottky  TTL.  Second,  this  family  is 
very  high  performance.  In  carrying  out  the  design  study 
referenced  above,  Data/Vare  was  not  able  to  ascertain  which 
parts  of  the  design  could  be  met  by  low- power  Sehottky  TTL. 

Since  this  family  requires  only  1/10  the  power  of  regular 
Sehottky,  it  is  extremely  advantageous  to  make  use  of  it. 

On  the  other  hand  certain  parts  of  the  design  — in  the  "crit- 
ical"  path  — must  be  left  in  Sehottky  TTL  rather  than  in  the 

2 

low  power  version.  Another  trade-off  is  the  use  of  the  new  II 
family  which  is  very  low  power  yet  high  performance.  This  was 
not  investigated  either. 
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SECTION  II 


SELECTION  OF  WORD  LENGTH 

Because  the  word  length  of  the  basic  Am2901  microprocessor  is 
4 bits,  it  is  natural  to  narrow  the  choice  of  word  length  down 
to  8 bits  versus  12.  Harper  Whitehouse  has  suggested  that  9 
bits  should  also  be  investigated  since  it  can  be  achieved  by 
two  Am2901's  plus  additional  logic  for  the  Bign.  It  turns  out 
that  the  choice  of  9 bits  could  very  well  be  adequate.  In 
particular,  it  is  much  superior  to  8 bits.  On  the  other  hand, 
in  the  time  available  it  was  not  clear  that  there  would  be  a 

significant  gain  in  parts  reduction  --  the  reason  being  that  > 

so  many  IC's  are  available  as  4-bit  pieces  and  not  as  5-bits. 

8 bits  appears  to  be  marginal.  This  was  the  reason  why  Data/ 

Ware  has  recommended  12  bits. (See  Reference.) 

It  would  require  simulation  in  order  to  determine  what  the 
actual  performance  difference  is  between  an  8-bit  and  a 12-bit 
imagery  processing  system.  It  is  known  that  root  mean  square  is 
not  an  accurate  indication  of  the  overall  "acceptability * of  a 
reconstructed  image.  On  the  other  hand,  it  is  necessary  to  re- 
sort to  such  a measure  in  order  to  permit  an  analytic  approach 

In  the  Data/Ware  algorithm,  5 iterations  of  the  FFT  are  required. 

On  each,  a doubling  in  size  is  possible.  If  the  input  data  is 
6 bits,  then  the  output  can  grow  to  11  bits.  Hence  with  a 12- 
bit  system,  no  scaling  is  required.  But  with  a 9-bit  system 
or  an  8-bit  system,  2 and  3 scalings,  respectively,  are  required. 

The  effects  of  roundoff  errors  on  ths  Discrete  Cosine  Transform 
due  to  scaling  were  calculated  under  the  assumptions  that  the 
roundoff  errors  are  independent  and  uniformly  distributed  and 
that  the  Central  Limit  Theorem  can  be  applied.  The  analysis 
is  based  upon  performing  the  DCT  with  roundoff  errors , followed 
by  performing  the  inverse  DCT  to  great  precision  (as  in  a ground 
station)  so  that  no  additional  errors  are  introduced.  Thus 
the  effect  studied  is  the  difference  between  the  original  image 
and  the  reconstructed  image.  The  final  rotation  was  not  included. 
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Under  the  assumptions  stated,  it  can  be  shown  that  the  error  in 
any  one  reconstructed  input  pixel  is  approximately  Gaussian 
with  zero  mean  and  a variance  that  depends  upon  the  kind  of 
roundoff  errors  that  occur.  When  no  scaling  is  needed,  the 
only  roundoff  error  is  due  to  multiplication  by  sines  and  cosines. 
Such  multiplications  can  be  rounded  or  truncated.  When  it  is 
necessary  to  scale  intermediate  results  by  dividing  by  2,  this 
is  performed  during  the  last  one,  two,  or  three  iterations.  The 
effect  of  doing  this  can  be  computed. 

Based  upon  the  analysis  performed,  it  is  possible  to  prepare 
a table  showing  how  the  variance  of  the  error  depends  upon 
the  number  of  scalings  and  whether  multiplication  is  trun- 
cated or  rounded.  Table  P-1  summarizes  the  results. 

TABLE  F-l 
ERROR  ANALYSIS 

Number  of  Scalings  Variance  of  Error 

Rounded  Multiplic.  Truncated  Mult. 


0 

.0319 

.1276 

1 

,0622 

.1579 

2 

.2389 

.4108 

3 

1.0456 

1.6393 

The  significance  of  the  Table  is  as  follows.  With  the  inputs 
digitized  to  6 bits  they  range  in  value  from  0 to  63*  Adjusting 
the  DC  bias,  they  range  from  -31  to  +32.  Then,  with  a 9-bit 
processor  and  with  rounded  multiplications  the  variance  in  re- 
constructing the  original  image  is  .2389*  It  is  quite  poss- 
ible that  this  is  acceptable,  but  as  noted  above  simulation  would 
be  necessary  to  confirm  this.  If  only  8 bits  are  used,  then 
3 scalings  are  needed.  This  increases  the  variance  to  I.0456, 
which  is  4 times  the  previous  value.  Taking  square  roots,  the 
standard  deviation  is  doubled  and  remains  near  unity.  Again, 
this  night  be  acceptable. 
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SECTION  III 


SIZE  AND  POWER 

Provided  that  the  implementation  selected  is  based  upon  "off- 
the-shelf"  members  of  a digital  logic  family,  the  size  problem 
can  be  solved  by  packaging  uncased  IC  chips  in  hybrid  modules. 

In  a previous  program  for  NELC,  Data/Ware  designed  a BCH  encoder/' 
decoder  of  comparable  complexity  to  the  present  redundancy  re- 
duction system  which  was  packaged  in  6 modules,  each  approximate- 
ly 1.4"xl.8".  The  original  design  was  the  responsibility  of 
Data/Ware,  and  NELC  engineers  carried  out  the  partitioning. 

The  NELC  Microelectronics  Laboratory  developed  the  hybrids.  Data/ 
Ware  participated  in  this  program  and  was  responsible  for  a 
checkout  scheme  for  the  hybrids  using  an  Intel  4004  test  system. 
Mr.  Dean  McKee  of  the  Microelectronics  Laboratory  in  a recent 
discussion  described  techniques  for  packaging  up  to  35  IC  chips 
in  very  small  hybrid  packages,  which  are  capable  of  dissipating 
5 watts.  Mr.  McKee  has  expressed  interest  in  the  NUC  program 
and  has  recommended  a tour  of  his  facility  in  order  to  demonstrate 
the  capabilities  of  the  Microelectronics  Laboratory  in  hybrid- 
ization, which  is  one  of  their  functional  areas  in  support  of 
Navy  programs.  As  a first  estimate  at  the  number  of  hybrid 
packages  required,  Data/Ware  would  recommend  the  use  of  8 hy- 
brids and  would  leave  the  four  40-pin  IC  devices  as  they  are. 

Thus  in  all  there  would  be  12  components  to  be  mounted  to  the 
PC  board,  8 of  which  would  be  hybrid  packages  of  some  1.4"xl.8" 
and  4 of  which  would  be  standard  40-pin  packages. 

3.1  IC  Families 

The  matter  of  power  consumption  is  best  addressed  by  considering 
some  of  the  options  available  with  respect  to  the  IC  family  used. 

1-  ttl 

This  is  a family  with  which  Data/Ware,  as  is  the  case  with  most 
organizations,  has  had  extensive  experience.  The  Data/Ware  Model 
1640  PPT  Unit  is  a high-performance  Schottky  TTL  logic  unit  which 
ear.  be  clocked  at  6 to  8 MHz.  In  the  present  redundancy  reduction 
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design,  Data/Ware  again  assumed  the  use  of  this  family.  This 
is  natural  since  the  Am2901  4-bit  microprocessor  slice  is  itself 
Schottky  TTL.  Unfortunately  power  consumption  is  rather  high. 

An  informative  comparison  is  low- power  S ’‘.ottky  TTL  vs.  Schottky 
TTL.  The  former  has  a gate  delay  of  9.5  nsec  and  requires  a 
power  consumption  of  2mW  while  the  latter  has  a gate  delay  of 
3 nsec  and  a power  consumption  10  times  as  great.  Since  it  is 
possible  to  mix  the  TTL  families,  an  important  consideration 
is  to  what  extent  Schottky  TTL  can  be  replaced  by  low-power 
Schottky  TTL  in  the  Data/Ware  TV  redundnacy  reduction  system. 
This  has  not  been  studied,  but  it  should  be  stated  that  care 
must  be  exercised  to  assure  that  performance  is  not  lost. 

2.  I2L 

2 

"Heralded  in  some  quarters  as  the  answer  to  everything",  I L 
or  Integrated  Injection  Logic  is  being  vigorously  pursued  at 
Texas  Instruments,  Fairchild,  and  Signetics.  This  family 
consumes  little  power  and  can  operate  over  the  entire  military 
temperature  range.  TI  has  already  introduced  the  I L 4-bit 
microprocessor  slice,  the  SBP0400,  with  stated  propagation 
times  in  the  range  from  110  to  530  nsec  at  128  mW  power.  This 
represented  their  first  standard  product,  and  they  are  at  pre- 
sent working  on  an  improved  performance  model.  By  late  1976 

2 

TI  is  expected  to  have  its  advanced  I L product  line.  Fair- 

2 

child  is  also  concentrating  on  high-performance  I L.  Thomas  A. 

2 

Longo,  vice  president,  has  stated  thatc  "I  L is  the  only  really 
solid  bipolar  LSI  technology.  But  being  a bipolar  technology, 
it  should  be  used  only  where  bipolar  performance  is  required. 
That  means  memories  operating  under  100  nanoseconds  and  LSI 
iogic  with  propagation  delays  of  10  nsec  or  less." 

3.  MOS 

A review  of  the  status  of  MOS  technology  was  presented  in  the 
April  1,  1976  issue  of  Electronics  entitled,  "Advances  in  de- 
signs and  new  processes  yield  surprising  performance".  The 
new  techniques  include  double  polysilicon,  V notch,  double 
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diffusion,  and  charge  coupling.  With  these  new  techniques, 
which  are  already  being  applied,  it  is  anticipated 'that  there 
will  result,  "two  to  three  times  greater  speed,  five  and  ten- 
fold increases  in  density.  These  designs  threaten  to  steam-roll 
over  bipolar  large-scale  integrated-circuit  designs,  to  make 
MOS  the  dominant  digital  technology."  Table  F-2  from  this  article 
surveys  the  various  techniques  available. 

TABLE  F-2 
LSI  TECHNOLOGIES 


Tschnology 

Pi  omyslwfl  delay 
(m) 

Power -delay  product 
(pJ) 

D.mity 

Chip  six#  (mm2 ) 

(Devicas/mm2) 

(Gtut/mm3 ) 

High-threshold 
p-channel  metal  gate 

80 

450 

150 

50 

7*7 

p-channel  silicon  gate 

30 

145 

270 

90 

6.5*65 

I n-channel  silicon  gate 

15 

45 

285 

95 

6*6 

n-channel  silicon  gate 
j depletion  load 

12 

38 

320 

107 

6*6 

n channel 

t doubie  poly  silicon 

10 

35 

525 

175 

6*6 

Silicon -gate  CMOS 

10 

0.5 

220 

45 

5.5  x 5.5 

V MOS 
i OMOS 

5 

20 

600 

225 

- 

SOS/ C MOS 

2-5 

0.1 

650 

275 

5x5 

I3  L (doubt, 

5-50 

0.01  - 1 

500 

160 

5.5 

Looking  at  the  more  promising  technologies,  there  is  silicon-gate 
CMOS  with  the  remarkable  power-delay  product  of  only  0.5«  As 
an  indication  of  improvements  possible,  RCA  recently  introduced 
a much  higher  performance"^!"  microprocessor  using  self -aligned 
silicon  gates.  V-Mos  uses  a V-notoh  to  increase  device  density. 
Electronic  Arrays  is  working  on  V-notch  ROMs,  RAMs,  and  micro- 
processors. DMOS  uses  doubled-dif fused  doping  to  achieve  gate 
delays  as  low  as  1 to  5 nsec.  Both  V-MOS  and  D-MOS  promise 
to  achieve  the  speed  of  Schottky  TTL.  However,  the  most  attrac- 
tive  technolgoies  appear  to  be  C-MOS  on  saphire  and  I L which 
combine  high  speed,  low  power,  and  high  density. 

338 

I 


3.2  Parts  Count  and  Power 

In  the  preceding  section  some  approaches  were  presented  as  to 
reducing  power  consumption  through  a change  in  the  logic  family. 

It  is  possible  to  mix  the  families  also.  The  exclusive  use  of 
Schottky  TTL  parts  results  in  rather  high  power  dissipation, 
as  is  shown  in  Table  F-3.  A 12-bit  system  (3  Am2901  4-bit  slices) 
and  an  8-bit  system  are  presented.  The  9-bit  configuration* 
although  deserving  of  study,  would  require  very  painstaking  de- 
sign since  so  many  devices  are  4-bit  parallel  or  2-bit  parallel 
in  organization. 

Note  that  most  of  the  watts  — 49.4  for  the  12-bit  system  and 
40.4  for  the  8-bit  system  — dissipated  are  in  conventional 
devices,  such  as  PROMS,  latches,  counters,  and  miscellaneous 
gates.  If  this  part  of  the  system  could  be  designed  in  low- 
power  Schottky  TTL  or  in  SOS /CMOS  or  in  closed  CMOS  logic  (CL) 
or  in  I2L,  a 10  times  saving  in  power  could  be  realized.  Since 
these  technologies  either  already  have  suitable  devices  avail- 
able or  in  design  for  1976  deliveries,  their  availability  for  a 
production  program  does  not  represent  a problem. 
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I SECTION  IV 

* SUMMARY 

| 

Both  an  8-bit  processor  configuration  and  a 12-bit  configuration 
have  been  studied  for  the  TV  redundancy  reduction  system.  The 
decision  between  the  two  would  be  based  upon  simulation  results 
^ despite  the  fact  that  this  report  presented  the  variances  to  be 

expected  in  the  reconstructed  images.  Regarding  size,  weight, 
and  power  of  an  all-digital  implementation,  it  was  shown  that 
use  of  hybrid  packaging  of  off-the-shelf  IC's  would  readily 
meet  size  and  weight  constraints.  However,  the  all-Schottky  TTL 
design  studied  by  Data/Ware  presents  a power  dissipation  problem 
which  would  require  the  use  of  some  other  family  for  standard 
logic  parts.  Candidate  families  were  identified.  Data/Ware  would 
recommend  an  initial  breadboard  of  Schottky  TTL  and  a simultaneous 
investigation  to  choose  the  low-power  replacement  IC  family. 


